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ABSTRACT
REMOVAL AND RECOVERY OF FERMENTATION-PRODUCED
VOLATILE ORGANIC COMPOUNDS BY A NOVEL LIQUID
MEMBRANE-BASED PERVAPORATION TECHNIQUE
by
Atsawin Thongsukmak

Pervaporation is an energy — efficient alternative to distillation for removing volatile
organic compounds (VOCs) from water especially solvents from their dilute solutions
in a fermentation broth. Liquid membranes have high selectivities for removing solvents
from aqueous solutions compared with polymeric membranes or ceramic membranes;
however liquid membranes have stability problems due to various losses. The loss of
liquid membrane (LM) to the feed solution leads to toxicity for the organisms in a
fermentation broth. A new liquid membrane based pervaporation technique has been
developed to achieve high selectivity, ensure stability and prevent contamination of the
fermentation broth. Trioctylamine (TOA) as a liquid membrane was immobilized in the
pores of a hydrophobic hollow fiber substrate having a nanoporous but highly
hydrophobic coating on the broth side and studied for pervaporation-based removal of
solvents (acetone, ethanol, and butanol) from their dilute aqueous solutions. The LM of
TOA in the coated hollow fibers demonstrated high selectivity and reasonable mass
fluxes of solvents in pervaporation.
The selectivities of butanol, acetone, and butanol achieved were 275, 220, and 80
respectively with 11.0, 5.0, and 1.2 g/m ²-hr for the mass fluxes of butanol, acetone and
ethanol respectively at a temperature of 54 °C for a feed solution containing 1.5 wt %
butanol, 0.8 wt % acetone, and 0.5 wt % ethanol. The mass fluxes were increased by as

much as 5 times with similar selectivity of solvents when an ultrathin liquid membrane
about 5 times thinner was used. However, acetic acid in the feed solution reduced the
selectivities of the solvents somewhat without reducing the solvent fluxes due to the
coextraction of water which increases the rate of water permeation to the vacuum side.
The TOA-based LM present throughout the pores of the coated substrate and not in the
pore of the coating demonstrated excellent stability over many hours of experiment and
essentially prevented the loss of liquid membrane to the feed solution and the latter's
contamination by the liquid membrane.
Adding small amounts of n-butanol increased considerably the selectivity of
ethanol for removing ethanol from an aqueous solution representing a yeast-based
fermentation broth. This happens primarily due to the increase in the concentrations of
organics in the permeate. Additional possible reasons are: n-butanol can increase the
solubility of ethanol and n-butanol in TOA, increase the diffusivity of solvents in TOA,
and increase the effective partial pressures of all solvents. The solubility of all solvents in
TOA obtained by Headspace-Gas Chromatography was decreased as the temperature was
increased; however, solubilities of all solvents do not decrease sharply, compared with
the increasing value of the diffusivity predicted by the Wilke-Chang equation; therefore,
permeability, a product of solubility and diffusivity, increased at elevated temperatures.
The predicted species fluxes may be estimated from the permeability, the vapor pressure,
the mole fraction and the activity coefficient which was estimated by UNIFAC method;
however, this method was found to be unsatisfactory for n-butanol.

REMOVAL AND RECOVERY OF FERMENTATION-PRODUCED
VOLATILE ORGANIC COMPOUNDS BY A NOVEL LIQUID
MEMBRANE-BASED PERVAPORATION TECHNIQUE

by
Atsawin Thongsukmak

A Dissertation
Submitted to the Faculty of
New Jersey Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy in Chemical Engineering

Otto H. York Department of Chemical Engineering

May 2008

Copyright © 2008 by Atsawin Thongsukmak
ALL RIGHTS RESERVED

APPROVAL PAGE
REMOVAL AND RECOVERY OF FERMENTATION-PRODUCED
VOLATILE ORGANIC COMPOUNDS BY A NOVEL LIQUID
MEMBRANE-BASED PERVAPORATION TECHNIQUE

Atsawin Thongsukmak

Dr. Kamalesh K. Sirkar, Dissertation Advisor
Distinguished Professor of Chemical Engineering, NJIT

Date

Dr. Marino Xanthos, Committee Member
Professor of Chemical Engineering, NJIT

Date

Dr. Somenath Mitra, Committee Member
Professor of Chemistry and Environmental Science, NJIT

Dr. Dana E. Knox, Committee Member
Professor of Chemical Engineering, NJIT

Date

Dr. Zafar Iqbal, Committee Member
Research Professor of Chemistry and Environmental Science, NJIT

Date

BIOGRAPHICAL SKETCH

Author:

Atsawin Thongsukmak

Degree:

Doctor of Philosophy

Date:

May 2008

Undergraduate and Graduate Education:
•

Doctor of Philosophy in Chemical Engineering,
New Jersey Institute of Technology, Newark, NJ, 2008

•

Master of Science in Chemical Engineering,
New Jersey Institute of Technology, Newark, NJ, 2002

•

Bachelor of Engineering in Chemical Engineering,
Chulalongkorn University, Bangkok, Thailand, 1999

Major:

Chemical Engineering

Presentations and Publications:
Thongsukmak, A.; Sirkar, K.K., Extractive pervaporation to separate ethanol from its
dilute aqueous solutions characteristic of yeast fermentation processes
(manuscript in preparation)
Thongsukmak, A.; Sirkar, K.K., Removal and recovery of solvents from fermentation
broth by pervaporation using liquid membrane. AIChE Annual Meeting, Salt
Lake City, UT, Nov 9, 2007.
Thongsukmak, A.; Sirkar, K.K., Pervaporation membranes highly selective for solvents
present in fermentation broths. J. Membr. Sci. 2007, 302, 45-58
Thongsukmak, A.; Sirkar, K.K., Pervaporation membrane highly selective for solvents
produced by fermentation, NAMS 2007 Annual Meeting, Orlando, FL, May 1216, 2007.
Thongsukmak, A.; Sirkar, K.K., Pervaporation membranes highly selective for solvents
produced by fermentation. Poster session: NAMS 2007 Annual Meeting, Orlando,
FL, May 12-16, 2007.

iv

Thongsukmak, A; Sirkar, K.K., Pervaporation membrane highly selective for solvents
produced by fermentation. AIChE Annual Meeting, San Francisco, CA,
November 12-17, 2006.

v

To their unconditional love and support:
Wilai Thongsukmak (1942 — 2006)
Thongdee Thongsukmak (1934 — present)

vi

ACKNOWLEDGMENT

First and foremost, I would like to thank my advisor, Dr. Kamalesh K. Sirkar for
introducing me to this exciting area of membrane science and technology and providing
me with most valuable guidance and heartfelt support all through my graduate education.
He has always been a source of encouragement and knowledge. His perseverance,
sincerity and hardworking qualities will always serve as an inspiration to me.
I would like to thank Dr. Marino Xanthos, Dr. Somenath Mitra, Dr. Dana E. Knox
and Dr. Zafar Iqbal, who were kind enough to actively participate in my dissertation
committee, providing constructive criticisms and valuable suggestions at all stages of this
work. I would also like to thank Dr. Reginald Tomkins and Dr. Basil Baltzis for their
help and guidance throughout my studies at NJIT.
I express my deep gratitude to Center for Membrane Technologies at NJIT, which
provided me with an opportunity and platform for fulfilling my dreams and desire to
reach my goals. I would like to thank Dr. Baoan Li, Dr. Liming Song, Dr. Meredith Fiens
and Dr. Gordana Obuskovic for their guidance and involvement in successfully achieving
the hollow fiber polypropylene supports. I would also like to thank all members of the
research group for their help and guidance in carrying out the research. A help from
Kuanyin Lin and Dr. Praveen Kosaraju with SEM is also acknowledged herewith.
Finally, no words are enough to acknowledge the constant support and
encouragement of my family, especially my parents. Thank you. Lastly, a special note of
thanks goes to all my friends who stood with me at all times. I cherish their friendships.

vii

TABLE OF CONTENTS
Page

Chapter

1

1 INTRODUCTION
1.1 Pervaporation Process

2

1.2 Applications of Pervaporation

3

1.2.1 Organic Solvent Dehydration

3

1.2.2 Dilute Organic Removal from Aqueous Solutions

3

1.2.3 Organic — Organic Separation

3

1.3 Desirable Properties of a Membrane System for Pervaporation Process

4

1.4 Previous Studies for Membranes Used for Pervaporation Process

4

1.4.1 Polymeric Membranes....

5

1.4.2 Ceramic Membranes

9

1.4.3 Liquid Membranes

11

1.5 Objective of This Thesis

16

1.6 Approach

17
21

2 EXPERIMENTAL
2.1 Membranes, Chemicals and Instruments

21

2.1.1 Membranes....

21

2.1.2 Chemicals

22

2.1.3 Instruments Used

25

2.2 Fabrication and Characterization of Hollow Fiber Membranes and Membrane
Modules

via

25

TABLE OF CONTENTS
(Continued)
Page

Chapter
2.3 Liquid Membrane Immobilization Technique: Lumen-side Immobilization

28

2.4 Reduced Thickness of TOA as a Supported Liquid Membrane

29

2.5 Gas Permeation Technique

31

2.6 Experimental Procedure for Pervaporation

32

2.7 Permeate Sampling

33

2.8 Sample Analysis

33

2.9 Trioctylamine Analysis

36

2.10 ABE Fermentation and Pervaporation of Filtered Fermentation Broth

38

2.10.1 Culture and Inoculum Preparation..

38

2.10.2 Fermentation

38

2.11 Solubility Determination by Headspace-Gas Chromatography

39

2.12 Testing of the Coated Membrane by Ultrafiltration of Zein

40

2.13 Membrane Characterization by Scanning Electron Microscope (SEM)

40

2.14 Extended Term Pervaporation Run for Membrane Stability.

41

2.15 Definitions of Flux and Selectivity

41

3 RESULTS AND DISCUSSION OF THE PERVAPORATION PERFORMANCE
43
BY TOA AS THE LIQUID MEMBRANE..
3.1 Performance of TOA Liquid Membrane with Uncoated Polypropylene Hollow
Fibers as Support for Organic Solvent Species

46

3.2 Results for a Mixture of Compounds in Feed for TOA as the Liquid Membrane
with the Uncoated Hollow Fibers as Support

47

ix

TABLE OF CONTENTS
(Continued)
Chapter
3.2.1 Results for a Mixture of Compounds in Feed at Room Temperature
3.2.2 Results for Feed Mixtures at Different Temperatures
3.3 Performance of TOA Liquid Membrane Using Nanoporous Fluorosilicone
Coated PP Fibers

Page
47
49

49

3.3.1 Single Organic Solvent Species in Solution

49

3.3.2 Mixtures of Acetone, Butanol and Ethanol

51

3.3.3 Influence of Acetic Acid on Pervaporation Performance.

60

3.4 Influence of Thinner TOA on Pervaporation Performance

62

3.5 Performance of a TOA Liquid Membrane with a Filtered Fermentation Broth
as the Feed

63

3.6 Contamination of the Feed Solution by TOA

67

3.7 Stability of Liquid Membrane of TOA for Pervaporation Performance

74

3.8 Conclusions

76

4 RESULTS AND DISCUSSION ON EXTRACTIVE PERVAPORATION
4.1 Single Organic Solvent Species in Solution
4.2 Mixtures of n-Butanol and Ethanol
4.3 Influence of Butanol in Removing Ethanol from an Aqueous Solution
4.4 Influence of Thinner TOA Film on Pervaporation Performance
4.5 Conclusions

77
78
80
83
87
88

TABLE OF CONTENTS
(Continued)
Page

Chapter
5 QUANTITATIVE BASIS FOR THE OBSERVED PERFORMANCE IN
PERVAPORATION

91

5.1 Diffusivity of Solvents in Tri-n-octylamine

92

5.2 Solubility of Solvents in Tri-n-octylamine

96

5.3 Permeability of Solvents in Tri-n-octylamine

99

5.4 Activity Coefficients in Feed Solution
5.5 Vapor Pressure of Solvents and Water

102
105

5.6 Fluxes Obtained from the Estimation and Experiments

106

5.7 Conclusions

106

6 GENERAL CONCLUSIONS AND RECOMMENDATION FOR FUTURE
STUDIES

109

APPENDIX A SAMPLE CALCULATIONS

112

APPENDIX B EXPERIMENTAL DATA

121

APPENDIX C PARAMETERS FOR ACTIVITY COEFFICIENT CALCULATION
129
FROM UNIFAC METHOD
130

REFERENCES

xi

LIST OF TABLES
Page

Table
2.1

Details of hollow fiber membranes and modules used

23

2.2

Surface tension of some solvents

30

2.3

Critical surface tension of some polymers

30

3.1

The N² permeance of fibers with and without coating tested before and after
immobilization of liquid membrane

45

Pervaporation performance of TOA liquid membrane with porous hollow fiber
as support for single organic solute/solvent in aqueous feed

47

Selectivity and mass fluxes obtained from a mixture of different components in
feed with TOA as a liquid membrane

49

Selectivity and mass fluxes obtained from a mixture at two different feed
temperatures with nanoporous coated hollow fiber without TOA (bare fibers) as
the membrane

57

5.1

Physical properties of solvents (A) for diffusion coefficient estimation

93

5.2

Physical properties of tri-n-octylamine (B) for diffusion coefficient estimation

93

5.3

Parameters of solvents for the vapor pressure estimation

106

5.4

Predicted and observed fluxes of all components at two different temperatures

108

B.1

Experimental data with ethanol (1.5 wt %) solution (Figure 3.3)

121

B.2 Experimental data with ethanol (5.0 wt %) solution (Figure 3.3)

121

B.3 Experimental data with ethanol (10 wt %) solution (Figure 4.1)

121

B.4 Experimental data with butanol (1.5 wt %) solution (Figure 3.4)

121

B.5 Experimental data with acetic acid (1.5 wt %) solution (Figure 3.5)

122

B.6 Experimental data with acetic acid (5.0 wt %) solution (Figure 3.5)

122

3.2

3.3

3.4

xi i

LIST OF TABLES
(Continued)
Page

Table

B.7 Experimental data with mixtures without acetic acid in the feed (Figure 3.6)...... 122
B.8 Experimental data with mixtures with acetic acid in the feed (Figure 3.8)

123

B.9 Experimental data with around 1/3 rd liquid membrane thickness for the mixture
123
(Figure 3.9)
B.10 Experimental data with around 115 th liquid membrane thickness for the mixture
124
(Figure 3.10)
B.11 Experimental data with full thickness liquid membrane for the filtered
fermentation broth as the feed; 0.1 μm filter (Figure 3.11)..

124

B.12 Experimental data with around 1/3 rd thickness liquid membrane for the filtered
fermentation broth as the feed; 0.5 μm filter (Figure 3.12)..

125

B.13 Experimental data with full thickness liquid membrane for the mixture (-5 wt %
ethanol and 1 wt % butanol) (Figures 4.2-4.3)

125

B.14 Experimental data with full thickness liquid membrane for the mixture (-10 wt
% ethanol and 1 wt % butanol) (Figures 4.2-4.3)

126

B.15 Experimental data with full thickness liquid membrane for the mixture (-10 wt
126
% ethanol and 0.5 wt % butanol) (Figures 4.4-4.6)
B.16 Experimental data with full thickness liquid membrane for the mixture (-10 wt
127
% ethanol and 1.5 wt % butanol) (Figures 4.4-4.6)
B.17 Experimental data with full thickness liquid membrane for the mixture (-10 wt
127
% ethanol and 2.0 wt % butanol) (Figures 4.4-4.6)
B.18 Experimental data with around 115 th thickness liquid membrane for the mixture
(-10 wt % ethanol and 2.0 wt % butanol) (Figure 4.8)

129

C.1 UNIFAC-VLE Subgroup parameters
C.2 UNIFAC-VLE interaction parameters (an

128

,

k

)

in Kelvin

129

LIST OF FIGURES
Page

Figure

2

1.1 Schematic drawing of the pervaporation process
2.1 Liquid membrane immobilized in porous hydrophobic hollow fiber membranes . 22
2.2 Liquid membrane immobilized in porous hydrophobic hollow fiber membranes;
fiber has a nanoporous coating on the outside surface

22

2.3a Samples of finished modules

26

2.3b Assembly of a hollow fiber membrane module

27

2.4 Liquid membrane immobilized in porous hydrophobic hollow fiber membrane
having a nanoporous fluorosilicone coating: liquid membrane covers only part
of the substrate pore length —thin LM

29

2.5 Gas permeation test set up

31

2.6 Experimental setup for supported liquid membrane-based pervaporation process

34

2.7 Calibration curve for ethanol

35

2.8 Calibration curve for acetone

35

2.9 Calibration curve for butanol

36

2.10 Calibration curve for acetic acid

36

2.11 Calibration curve of TOA in water from TOA analysis

37

2.12 Test set up for ultrafiltration-based membrane characterization

41

3.1 Influence of butanol concentration in feed on (a) selectivity and (b) permeation
flux (module 5 used, pure TOA as LM)

48

3.2 Performance of TOA as the liquid membrane with hollow fiber as the support
with a mixture at different temperatures: (a) selectivity (b) mass flux (Module 5
used, pure TOA as LM, feed concentrations of acetone, ethanol and butanol
were 0.7, 0.5 and 1.7 wt % respectively)

50

xiv

LIST OF FIGURES
(Continued)
Page

Figure

3.3 Influence of temperature and ethanol concentration on (a) selectivity and (b)
permeation flux in coated hollow fibers (module 11 used, pure TOA as LM) ..... 52
3.4 Butanol-water selectivity and permeation flux at different temperatures in
coated hollow fibers: (a) selectivity (b) butanol permeation flux (Module 11;
pure TOA as LM; feed concentration 1.5 wt %)

53

3.5 Acetic acid selectivity and permeation flux at different temperatures in coated
hollow fibers: (a) selectivity (b) permeation flux (Module 17; pure TOA as
LM;)

54

3.6 Performance of TOA as the liquid membrane with coated hollow fibers as the
support with feed mixture at different temperatures: (a) selectivity (b) mass flux
(Module 11 used, pure TOA as LM, feed composition: acetone 0.8 wt %,
ethanol 0.5 wt %, butanol 1.5 wt %)

56

3.7 Mass fluxes of (a) acetone and (b) butanol for TOA as the liquid membrane with
uncoated and coated hollow fibers as the support with a feed mixture at different
temperatures (For uncoated fibers: Module 5 used, pure TOA as LM, feed
concentrations of acetone, ethanol and butanol are 0.7, 0.5 and 1.7 wt %
respectively; For coated fibers: Module 11 used, pure TOA as LM, feed
composition: acetone 0.8 wt %, ethanol 0.5 wt %, butanol 1.5 wt %)

59

3.8 Pervaporation performance when 0.5 % acetic acid was added: (a) selectivity,
(b) permeate mass fluxes. (Module 11 used, pure TOA as LM, concentrations of
acetone, ethanol and butanol were 0.8, 0.5 and 1.5 wt % respectively)

61

3.9 Pervaporation performance when a thinner LM of TOA was used compared
with full thickness TOA LM: (a) selectivity, (b) permeate mass fluxes. (Module
13 used, 30 vol % TOA 70 vol % hexane as LM; Module 11 used, Pure TOA as
LM; concentrations of acetone, ethanol and butanol were 0.8, 0.5 and 1.5 wt %
respectively)

64

3.10 Pervaporation performance when an even thinner LM of TOA was used
compared with full thickness TOA LM: (a) selectivity, (b) permeate mass
fluxes. (Module 14 used, 20 vol % TOA 80 vol % hexane as LM; Module 11
used, Pure TOA as LM; concentrations of acetone, ethanol and butanol were
0.8, 0.5 and 1.5 wt % respectively)

65

xv

LIST OF FIGURES
(Continued)
Page

Figure
3.11 Pervaporation performance for the full thickness TOA LM with a filtered
fermentation broth as the feed: (a) selectivity, (b) permeate mass fluxes (Module
18 used, TOA as LM; concentrations of acetone, ethanol, butanol were 0.8, 0.7
and 1.5 wt % respectively in the fermentation broth; 0.1 gm filter)

68

3.12 Pervaporation performance for thinner TOA LM with a filtered fermentation
broth as the feed: (a) selectivity, (b) permeate mass fluxes (Module 13 used, 30
vol % TOA 70 vol % hexane as LM; concentrations of acetone, ethanol, butanol
were 0.8, 0.7 and 1.5 wt % respectively in the fermentation broth; 0.5 gm filter)

69

3.13 Pervaporation performance with a filtered fermentation broth when a thinner
LM of TOA was used compared with full thickness TOA LM for acetone : (a)
selectivity, (b) permeate mass fluxes. (Module 13 used, 30 vol % TOA 70 vol %
hexane as LM, 0.5 pm filter; Module 18 used, Pure TOA as LM, 0.1 gm filter;
concentrations of acetone, ethanol and butanol were 0.8, 0.5 and 1.5 wt %
respectively)

70

3.14 Pervaporation performance with a filtered fermentation broth when a thinner
LM of TOA was used compared with full thickness TOA LM for ethanol : (a)
selectivity, (b) permeate mass fluxes. (Module 13 used, 30 vol % TOA 70 vol %
hexane as LM, 0.5 gm filter; Module 18 used, Pure TOA as LM, 0.1 μm filter;
concentrations of acetone, ethanol and butanol were 0.8, 0.5 and 1.5 wt %
respectively)

71

3.15 Pervaporation performance with a filtered fermentation broth when a thinner
LM of TOA was used compared with full thickness TOA LM for butanol: (a)
selectivity, (b) permeate mass fluxes. (Module 13 used, 30 vol % TOA 70 vol %
hexane as LM, 0.5 gm filter; Module 18 used, Pure TOA as LM, 0.1 μm filter;
concentrations of acetone, ethanol and butanol were 0.8, 0.5 and 1.5 wt %
respectively)

72

3.16 Outside surface of fluorosilicone coated hollow fiber

73

3.17 Inside surface of fluorosilicone coated hollow fiber showing the porous
structure

73

3.18 Cross-sectional area of fluorosilicone coated hollow fiber

xvi

74

LIST OF FIGURES
(Continued)
Page

Figure
3.19 Performance of TOA as the liquid membrane with coated hollow fibers as the
support with feed mixture at longer run: (a) selectivity (b) mass flux (Module 16
used, pure TOA as LM, feed composition: acetone 0.8 wt %, ethanol 0.5 wt %,
butanol 1.5 wt %; Temperature in feed 45 °C)

75

4.1 Influence of temperature and ethanol concentration on (a) selectivity and (b)
permeation flux in coated hollow fibers (module 11 used, pure TOA as LM)

79

4.2 Selectivities of (a) ethanol and (b) n-butanol for TOA as the liquid membrane
with coated hollow fibers (module 11 used, pure TOA as LM)

81

4.3 Mass fluxes of (a) ethanol and (b) n-butanol for TOA as the liquid membrane
with coated hollow fibers (module 11 used, pure TOA as LM)

82

4.4 Selectivities of (a) ethanol and (b) n-butanol for TOA as the liquid membrane
with coated hollow fibers for —10 wt % ethanol in feed (module 11 used, pure
TOA as LM)
84
4.5 Mass fluxes of (a) ethanol and (b) n-butanol for TOA as the liquid membrane
with coated hollow fibers for —10 wt % ethanol in feed (module 11 used, pure
TOA as LM)
85
4.6 Concentrations of solvents and water in permeate side when (a) —1.5 wt %
n-butanol and (b) —2.0 wt % n-butanol was added to ethanol solution (module 11
used, pure TOA as LM, —10 wt % ethanol in the feed)
4.7 Comparison of solubility at 1 atm of (a) Ethanol and (b) n-butanol in TOA
between single component and mixture by headspace — gas chromatography

86

89

4.8 Pervaporation performance when a thinner LM of TOA was used compared
with full thickness TOA LM:(a) selectivity, (b) permeate mass fluxes (Module
14 used, 20 vol % TOA 80 vol % hexane as LM; Module 11 used, Pure TOA as
LM; concentrations of ethanol and butanol were —10 and —2.0 wt%
respectively)

90

5.1 Calculated diffusivity of acetone in TOA as a function of temperature

94

5.2 Calculated diffusivity of ethanol in TOA as a function of temperature

94

5.3 Calculated diffusivity of n-butanol in TOA as a function of temperature

xvii

95

LIST OF FIGURES
(Continued)
Page

Figure
5.4 Calculated diffusivity of acetic acid in TOA as a function of temperature

95

5.5 Calculated diffusivity of water in TOA as a function of temperature

96

5.6 Solubility of acetone in TOA

97

5.7 Solubility of ethanol in TOA

97

5.8 Solubility of n-butanol in TOA

98

5.9 Solubility of acetic acid in TOA

98

5.10 Calculated permeability of acetone in TOA as a function of temperature

100

5.11 Calculated permeability of ethanol in TOA as a function of temperature 100
5.12 Calculated permeability of n-butanol in TOA as a function of temperature

101

5.13 Calculated permeability of acetic acid in TOA as a function of temperature

101

5.14 Calculated permeability of water in TOA as a function of temperature

102

5.15 Calculated activity coefficients as a function of temperature for water, ethanol
and n-butanol from UNIFAC equation when different amounts of n-butanol
were added: (a) 0.5 wt %, (b) 1.0 wt %, (c) 1.5 wt % and (d) 2.0 wt %

105

xviii

LIST OF SYMBOLS

Am

mass transfer area of the hollow fiber modules, cm ²

Caf

concentration of a in the feed, mol/cm ³

Cfeed

concentration of solute in the feed solution, g/ cm ³

d,

inner diameter of a hollow fiber, cm

do AB
D°

outer diameter of a hollow fiber, cm
diffusion coefficient of solute A at very low concentrations in solvent B,
cm ² /s

EP

Energy of activation for viscous flow at constant pressure

I.D.

internal diameter, cm

J

mass flux, g/cm ² -hr

J*

molar flux, mol/cm ² -hr

J

segment fraction (UNIFAC method, dimensionless)

K

overall mass transfer coefficient based on organic phase, cm/s

L

length of hollow fiber module, cm

L

area fraction (UNIFAC method, dimensionless)

LM

liquid membrane

MB

molecular weight of solvent B, g/mol

MW

molecular weight, g/mol

O.D.

outside diameter, cm

PP

polypropylene

PSTP

standard pressure, 76 cmHg

P1

atmospheric pressure, cmHg

xix

LIST OF SYMBOLS
(Continued)

P *vapor pressure in equilibrium with the liquid feed, cmHg
APN2

pressure difference across the membrane, cmHg

p

partial pressure in the lumen (vacuum) side, cmHg

q

relative molecular surface area

Q

permeability coefficient, g-cm/cm ² -s-cmHg

R

ideal gas constant (8.314 J.K-¹.mol-¹ )

r

relative molecular volume

SLM

supported liquid membrane

STP

standard temperature and pressure (273.15 K, 76 cmHg)

TSTP

standard temperature (273.15 K)

Vi

volumetric flow rate of gas through the membrane, cm ² /sec

VAmolar volume of solvent A at its normal boiling temperature, cm ³ /mol
x

mole fraction

Greek letters
activity coefficient
surface parameter
6

membrane thickness, cm

0

association factor

p

density of solvent, g/cm ³
viscosity of solvent, cP

xx

CHAPTER 1
INTRODUCTION

Fermentation broths contain volatile organic compounds, which are useful as solvents,
chemical intermediates as well as fuel. Separation and purification of those compounds
can be carried out by a variety of processes such as distillation, solvent extraction,
adsorption or membrane separation processes. However the concentration of such organic
compounds in the fermentation broth is generally quite low. The most cost-efficient
method to recover these compounds is of great interest. Many studies have been
conducted to recover these bioproducts from such low concentrations in an aqueous
solution. Distillation is not an economical way to recover compounds such as acetone,
alcohol, acetic acid, butanol, etc. from such solutions due to their low concentrations.
Solvent extraction is one alternative to distillation; however, removing the extractant
from the organic compound or vice versa is an additional step.
Vacuum-based pervaporation followed by condensation is a promising technique
to recover organic compounds from dilute aqueous solutions because of the lower energy
cost compared with distillation, and the absence of a need to remove extractant (via back
extraction). However, membranes for this application should have a high selectivity for
the organic compound, high stability and be harmless for the microorganisms to facilitate
recycling the broth in the case of continuous production of such bioproducts. A number
of studies have focused on pervaporation for removing bioproducts from fermentation
broths.
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1.1 Pervaporation Process
Pervaporation is a membrane process where a liquid mixture contacts the
membrane on the feed or upstream side; the permeate or downstream side is subjected to
vacuum. The compounds which have higher selectivity vis-à-vis water with respect to the
membrane will preferentially permeate through the membrane and be condensed in the
condensing unit before the permeate stream goes to the vacuum pump. The driving force
for the pervaporation process is the difference between the partial pressure in equilibrium
with the feed liquid and the permeate side partial pressure with the feed components
being evaporated through the membrane thereby cooling the feed solution. Pervaporation
is a complex process in which both mass and heat transfer occur. A schematic drawing of
this process is shown in Figure 1.1.
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Figure 1.1 Schematic drawing of the pervaporation process.

The pervaporation process results from a sequence of three steps:
1) The compounds get absorbed into the membrane on the feed side.
2) Those compounds diffuse through the membrane.
3) These compounds are desorbed into the vapor phase on the permeate side.
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1.2 Applications of Pervaporation
1.2.1 Organic Solvent Dehydration
Pervaporation can be used to remove a small amount of water from organic mixtures as
in dehydration of alcohol. The membranes for this application should be very
hydrophilic, for example, polyvinyl alcohol (PVA) or PVA membrane coated on
polyacrylonitrile (PAN) or polyethylenimine (PEI) support. This application is now a
commercial process.
1.2.2 Dilute Organic Removal from Aqueous Solutions
Small amounts of organic compounds which can be used as solvents, chemical
intermediates etc. can be found in some aqueous solutions such as fermentation broths.
Recovery of these solvents by distillation may not be economical due to their low
concentration. Pervaporation can be used in this application; however, the membrane
should be very hydrophobic to drastically reduce the amount of water permeating through
the membrane into the permeate side. Examples of such membranes are
polydimethylsiloxane (PDMS), polyurethane or other rubbery materials.
1.2.3 Organic — Organic Separation
Some membranes have a high selectivity for a specific organic compound, so those
membranes can be used to remove the organic compound from the organic mixture, for
example, separation of benzene from cyclohexane by using cellulose
acetate/polyphosphonate composite membrane'.
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1.3 Desirable Properties of a Membrane System for Pervaporation Process

- Have high selectivity for the compounds of interest
- Have high stability to retain membrane transport characteristics for separation
- Have high permeance (or fluxes).

1.4 Previous Studies of Membranes Used for Pervaporation Process

The goal of this research is to develop a liquid membrane system for pervaporation,
which could be used at a reasonable temperature, has a long life and is environmentally
friendly. Such a membrane system can be used to separate volatile organic solvents from
a solution which has a low concentration of solvents for which distillation-based
separation is not practical. Membranes can be created from a variety of different
materials. Fundamental categories of membranes can be made in two groups, biological
and synthetic membranes. Biological membranes are found in living organisms. All
living cells have a surrounding membrane. These membranes have specific functions to
select compounds essential for living cells. However, synthetic membranes have become
very popular for large scale or industrial scale activity because of availability, practical
processing capability and stability under severe environments. Synthetic membranes can
be divided into polymeric membranes, ceramic membranes and liquid membranes. In
general, all three types of membranes have been used in pervaporation for removal of
volatile organic solvents.
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1.4.1 Polymeric Membranes
Polymeric membranes are made from polymers, which are high molecular weight
components built up from a number of basic units, which are called monomers. The
number of units created to make a long chain polymer is called the degree of
polymerization; so the molecular weight of polymer depends on the degree of
polymerization which influences the properties of polymers such as melting point, glass
transition temperature, etc. The polymeric membranes have specific properties resulting
from the monomers used, for examples, hydrophobicity/hydrophilicity, glassy/rubbery
behavior, solvent resistance, thermal resistance; further there are variations in membrane
properties due to the nature of the membrane fabrication process such as
porous/nonporous, or asymmetric/composite. Polymer membranes used in separation can
be porous or non-porous; they have different mechanisms for transport of molecules
through the membrane. For porous membranes, molecular transport is defined by pore
size, porosity, tortuosity of membrane and thickness of membrane. In nonporous
polymeric membranes, the principle of transport is solution-diffusion through the
membrane material along its thickness.
A polymeric membrane can be made of homopolymers, copolymers or polymer
blends. Examples of these polymeric membranes are polyacrylic acid (PAA), polyvinyl
alcohol (PVA), polypropylene (PP), polydimethylsiloxane (PDMS), polycarbonate,
polysulfone, or their composite, etc. The most popular polymeric membranes for
pervaporation are polydimethylsiloxane (PDMS: hydrophobic membrane), polyvinyl
alcohol (PVA: hydrophilic membrane). However, polymeric membranes have lower
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organic selectivity than ceramic and liquid membranes. Techniques employing
copolymers or composite polymers can enhance performance and stability.
Chang et al. (2002) ² studied modified PVDF membrane by adding phosphate ester
(mixture of different functional species, triethylamine and POCl 3 ether solution) with
α,ω-poly-dimethylsiloxanediol as a coating on a trimethoxyvinylsilane (TMVS) grafted
polyvinylidene fluoride (PVDF) to form a composite PDMS-TMVS-PVDF membrane.
This membrane was tested with ethanol solutions for pervaporation. The flux of ethanol
was reasonable (around 2.8 — 4.5 kg/m ² -h); however, the separation factor of ethanol over
water was rather low (around 1.5-5). The separation factor was higher at lower ethanol
concentrations in the feed, and lower at higher concentrations in the feed.
Gonzales-Velasco et al. (2002) 3 had studied poly (1-trimethylsilyl-1-propyne:
PTMSP) and PDMS for the pevaporation process of 10 % ethanol-water mixture;
however, the PDMS presented the poor mechanical and film-forming ability. They used
their membrane in a flat sheet to separate ethanol solution via pervaporation. A selectivity
of 8 — 10.7 was obtained from 10% of ethanol in feed at 75°C. The membrane had
stability for 500 hours operation; however, the ethanol flux was quite low, about 0.07
g/m² -hr.
Krea et al. (2004) 4 have studied copolymer membranes for pervaporation of
ethanol solutions. The copolymer polysiloxane-imide polymer was synthesized from α,ω
dimethylsiloxane oligomer and aromatic di-anhydrides which have high concentrations of
dimethylsiloxane. Different concentrations of ethanol in feed (10 and 40%) were used in
their experiments. For the lower concentration of ethanol (10%), permeate concentration
went up to 20-50 %. The ethanol concentration in permeate went up from 60 to 80 % for
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the higher feed concentration (40% ethanol in feed). The stability of the polymeric
membrane was quite high; however the selectivity of ethanol was quite low compared to
that from a ceramic membrane discussed later.
Some polymeric membranes are hydrophilic such as, polyaniline, polyaniline
composite membrane. Ball et al. (2000) 5 studied polyaniline membranes and polyamic
acid-polyaniline blends for various solutions. In their study, polyaniline and polyaniline
composite membranes showed a selectivity of 1100 for water from 52% water/48%
ethanol solution in feed which meant the concentration of water in the permeate side was
roughly 99%. However, the total fluxes were low, 0.08 g/m ² -hr, in spite of the
hydrophilic tendency of the membrane.
Guo et al. (2004) 6 studied hydrophilic polymeric pervaporation membranes for
the dehydration of aqueous butanol solution by using a polyvinyl alcohol composite
membrane. Pervap 2510, a commercial membrane consisting of a selective top layer from
crosslinked polyvinyl alcohol, an asymmetric microporous middle layer of
polyacrylnitrile (PAN) substrate and a layer of polyphenylene sulfide (PPS) as a support,
was used in this study with an aqueous butanol solution. A butanol selectivity of around
2.5 was obtained and the flux of butanol went up to 100 g/m ²-hr. As observed, the
selectivity of alcohol for polymeric membranes is quite low compared with liquid
membranes or even ceramic (composite) membranes discussed later.
She and Hwang (2006) 7 studied pevaporation of dilute flavor organics, such as
ethyl acetate, hexanol, benzaldehyde, phenylacealdehyde, trans-2-hexenal, ethyl butyrate,
and 2-methyl- 1 -butanol through a polydimethylsiloxane (PDMS) composite and a
polyoctylmethyl siloxane (POMS) composite with different components and different
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temperatures of the feed solution. Single species solutions and mixture solutions were
tested with those membranes. Enrichment factors reached up to 50 for trans-2-hexenal
with a POMS-PVDF-PP composite membrane and overall solvent flux was around 81
g/m ² -hr.
Chen et al. (1998) 8 studied pervaporation of alcohol through PDMS and silicone
rubber with silicalite (zeolite) having different treatments. The selectivity of ethanol was
up to 30 and the flux was 120 g/m ² -hr at the temperature 50°C; 4.0% ethanol was used in
the feed.
Sampranpiboon et al. (2000) 9 studied pervaporation of ethyl butyrate and
isopropanol with polyether block amide (PEBA) membranes. Mass fluxes went up as
high as 600 g/m ² hr for isopropanol and 25 g/m ² hr for ethyl butyrate. However, the
separation factor of ethyl butyrate went up over 150 whereas isopropanol selectivity
could reach only to 3.5. Separation factor could be increased when the content of solvents
was increased in the feed solution or temperature in the feed was increased.
Fadeev et al. (2003) 1° had studied pervaporation performance by using poly[1(trimethylsilyl)-1-propyne] (PTMSP) to recover ethanol from fermentation broth. The
concentration of ethanol in the permeate was in the range of 55-57 % from 6 % ethanol in
feed and ethanol permeate flux reached 400 g/m ² h for a model solution. However, the
flux and separation factor declined when the model solution was tested since the free
volume of fouled PTMSP was occupied with the highly sorbing and low volatility byproducts of the fermentation broth, most likely with diols; there was in addition the
fouling from the fermentation broth.
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1.4.2 Ceramic Membranes
Ceramic membranes are made from inorganic compounds in the form of an oxide,
nitride, or carbide. Ceramic membranes are stable under a variety of chemical, thermal
and mechanical conditions; however there may be pH limitations so these membranes
often have advantages over polymeric membranes in terms of thermal stability and
mechanical stability. Ceramic membranes are generally used for ultrafiltration,
nanofiltration, microfiltration, etc. Examples of ceramic membranes are aluminium
oxide or alumina (γ-Al2)3), zirconium oxide or zirconia (Zr0²), or even zeolite or zeolite
incorporated in mixed matrix membranes. Zeolitic membranes have narrow pore sizes
compared with polymeric membranes and can be used in gas separation and
pervaporation. Ceramic membranes are most often porous or microporous which provide
better transport within the membrane compared with nonporous polymeric membrane.
Silicalite (a form of hydrophobic zeolite) was used in many publications for separating an
organic solvent from aqueous solutions by pervaporation. Some examples of this
application follow.
Sano et al. (1997) 11 studied pervaporation for ethanol and acetic acid solution
using silicalite and ZSM-5 (Si02/Al2O3) on porous sintered stainless steel and alumina
disc as a support. Selectivity of acetic acid over water was low: 1 and 2.6 when alumina
and stainless steel were used as supports respectively. Silicalite membrane with stainless
steel support exhibited a high ethanol selectivity (59) but poor selectivity (4.2) when
alumina support was used. Selectivity was rather poor especially when alumina support
had been used for both acetic acid and ethanol separation compared with the stainless
steel as the support.
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Ikegami et al. (2002) 12 had studied silicalite membrane with or without silicone
coating for model ethanol solutions and ethanol solution from a fermentation broth from
dry bakers' yeast (Oriental Yeast Co., Ltd., Tokyo, Japan). Uncoated silicalite membrane
exhibited drastically decreasing permeate ethanol concentration with a model solution
and fermentation broth in the feed compared with coated silicalite membrane. One
possible reason was that the hydrophobic nature of the silicalite membrane was changed
to hydrophilic by the adsorption of acidic compounds. The ethanol concentration in the
permeate side did not change dramatically. The separation factor of ethanol varied
between 31 and 43 from 10% ethanol in feed at the beginning of experiment. However,
the flux and concentration of ethanol decreased gradually with the time for the coated
fiber but dramatically with an uncoated silicalite membrane.
Qureshi et al. (2001) 13 studied pervaporation using a composite membrane of
silicalites — silicone for an ABE (acetone-butanol-ethanol) solution as a model solution as
well as a fermentation broth from Clostridium acetobutylicum. Silicalites are considered
molecular sieves that are able to adsorb organic solvents such as ethanol, butanol, etc.
from their aqueous solutions. The selectivity varied between 44 and 97 for butanol, 16-44
for acetone and 5.2 for ethanol. The advantage of using silicalites is that the
silcate-onmpsibraewnotfuldyhrmeaionbtdhe
used for 120 hours. However the fermentation broth was filtered by a 500,000 molecular
weight cut-off ultrafiltration membrane, the temperature used in the experiment was quite
high (78°C) and the selectivity for solvent was higher when the model solution was
utilized as the feed solution.
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1.4.3 Liquid Membranes
Selected high molecular weight liquids can be used as a liquid membrane immobilized in
the pores of a porous substrate. The liquid membranes have advantage over polymeric
membranes or ceramic membranes in that they can be very highly selective for specific
compounds. Furthermore liquid membranes may have a carrier species which can
chemically facilitate the transport leading to a high selectivity. Examples of liquid
membranes are oleyl alcohol, amberlite, trioctylamine (TOA) etc.
Liquid membranes are attractive for separation of a liquid solution. Liquid
membranes used in separation processes should have higher molecular weight, high
boiling point, high stability and should be immiscible with aqueous solutions. In most
cases, these membranes are held in the porous membrane by capillary force. The
supported liquid membrane (SLM) has received more attention compared with other
liquid membrane types, such as emulsion liquid membrane (ELM) because the products
from the permeate side from a supported liquid membrane are easier to recover. There are
two categories of SLMs, a thin flat sheet supported liquid membrane and a hollow fiber
supported liquid membrane. However, the hollow fiber supported liquid membrane has
greater possibility for larger scale use due to ease in fabrication for large-scale module
making. Many liquid membranes can be used to remove small organic compounds as an
extraction process. Following are some previous studies for extraction and perstraction
(pervaporation + extraction) using these liquid membranes.
Fahim et al. (1992) 14 studied solvent extraction equilibria of acetic acid and
propionic acid by using high molecular weight organic solvents such as trioctylamine
(TOA), trioctyl phosphine oxide (TOPO) and tributyl phosphate (TBP). Distribution of
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the acid between the organic solvent and the aqueous solution had been studied. TOPO
demonstrated the highest distribution of acetic acid whereas TOA had the highest
propionic acid distribution among the solvents tested. However, TOA exhibited more
stability than others.
Matsumura et al. (1987) 15 had studied perstraction using hydrophobic hollowfiber membrane supporting extracting agent (liquid membrane) to separate solvents such
as ethanol, butanol, etc. from fermentation broths. Hydrophobic hollow fibers were
utilized as support to construct a recycling system; however, the solvent (liquid
membrane) can potentially contaminate the medium. Pervaporation with oleyl alcohol in
a supported porous flat sheet membrane had been studied with model solutions in the
feed for compounds such as butanol, ethanol and acetone. Oleyl alcohol was chosen for
the study because oleyl alcohol is considered non-toxic for fermentation broth and
microorganisms especially Clostridium acetobutylicum producing acetone, butanol and
ethanol (ABE). A selectivity of 180 was achieved with butanol, 40 with acetone and 14
with ethanol, which were higher compared with only porous hydrophobic polypropylene
hollow fibers with gas-filled pores. The stability of oleyl alcohol for continuous
perstraction was around 100 hours; then liquid membrane in the support became thinner
and the problem of oleyl alcohol stability appeared. The liquid membrane became
unstable when the permeant concentration approached 0.05 due to a decrease in surface
tension.
In these earlier studies for solvent recovery from fermentation broth using
extracting agents, the agents were supplied to a fermenter and contacted directly the
fermentation broth. However, the selection of extracting agents was limited because of
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the toxicity of the extracting agents for example, tri-n-butylphosphate, o-isopropylphenol,
o-tert-butylphenol etc. (Crabbe et al. (1986)) 16 ; microorganisms such as yeast cells can be
attracted to liquid interfaces and reduce the rate of solvent transfer from the fermentation
broth.
Qin et al. (2003) 17 studied pervaporation process for removal acetic acid from its
feed solutions using various liquid membranes with hydrophobic porous hollow fibers as
support. Different liquid membranes were used such as trioctylamine (TOA),
trilaurylamine (TLA), tri-n-octylphosphine oxide (TOPO), tributylphosphate (TBP), etc.
Their low volatility and low water solubility were considered to assure the stability of the
liquid membrane. The range of selectivity of acetic acid over water was from 1.06 to 9.10
at 45°C. The highest selectivity obtained was 32 at 60°C with TOA as the liquid
membrane with porous PP hollow fibers as support at 1.0 mol/liter of acetic acid in feed.
Pevaporation using TOA as a liquid membrane with a nonporous coating on hollow
fibers as the support was studied as well; a selectivity of 2.38 was achieved. TOA
demonstrated good stability and performance with acetic acid. However, most of their
work involved supported liquid membrane using porous hollow fiber as a support.
Wodzki and Nowaczyk (2002) 18 investigated TOPO, TBP and their mixture with
hexane or other diluent as the liquid membrane to separate acetic acid and propionic acid
by perstraction. Performance of TOPO and TBP was good with acetic acid and propionic
acid at lower concentrations. The selectivity of propionic acid went up to 1.l for
propionic acid at 0.1 mol/dm ³

in feed solution with TBP; the selectivity of acetic acid

went up to 8.3 with TOPO at 0.1 mol/dm ³ acetic acid in feed solution.
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Solichien et al. (1995) 19 studied solvent extraction by using liquid membrane as
active membrane with porous flat sheet membrane as a support to remove propionic acid
and acetic acid via Alamine 336 in oleyl alcohol as a diluent and TOPO in kerosene.
These membranes were tested to separate acids from fermentation broth and investigated
for toxicity to fermentation broth. From the results, Alamine 336 had toxicity to
fermentation broths even when diluted with organic diluents such as decane, decanol and
kerosene. TOPO/kerosene showed toxicity less than that from alamine 336, however, the
stability of these liquid membrane especially TOPO was quite low (less than 25 hours)
due to the direct contact between liquid membrane and both feed and permeate sides.
Eyal and Canari (1995) ²0 studied carboxylic and mineral acid extraction by
amine-based extractants. Trilaurylamine, alamine 304 and tri-n-octylamine were used as
the extractant. The study was involved with the pH dependence of the extraction
performance. As per the result, pH has impact on performance of extraction because at
lower pH, the concentration of acid is higher which means there are more H-bonds to
react with the amine in the organic phase and the driving force is higher due to the
concentration in the feed. The basicity of the extractant influences the performance of
extraction also; the more basic the extractant, the higher the degree of amine protonation,
which can react with more acid molecules and give higher acid extraction.
Pervaporation using a polymeric membrane or a ceramic membrane has been
widely studied for recovering volatile organic compounds (VOCs). These membranes
have reasonable stability when exposed to fermentation broths and provide reasonable
fluxes. However, their selectivity for many polar volatile organic compounds is quite
low; therefore the product stream does not have a high concentration of the compound
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indicating that secondary separations or a series of separations are needed; this leads to a
higher cost of operation.
Liquid membrane-based separation is the membrane technique of interest here;
this technique is derived from solvent extraction. The liquid membrane may be a high
molecular weight organic compound (organophilic or non-polar) which is useful for
removing organic compounds from a polar (i.e., aqueous) solution for example. High
molecular weight compounds are of interest for recovering bioproducts from
fermentation broths or dilute aqueous solutions. Examples of interesting organic
compounds used as liquid membrane are oleyl alcohol, fatty amines or phosphate
compounds. One of the greatest concerns is their toxicity to the bacteria/yeast being used
for fermentation because the feed solution with or without the microorganism may be
recycled to the fermentation process. If the extracting media contaminated the feed
stream, the feed stream is not reusable leading to considerable wastage. Techniques to
prevent contamination of the feed are of significant interest.
Many liquid membranes have been studied for removal of small volatile
compounds. Matsumura et al. (1987) 15 had employed oleyl alcohol to remove small
molecules such as ethanol, acetone, butanol, etc. As mentioned earlier, oleyl alcohol was
immobilized in a porous flat sheet polymeric membrane; it yielded a high selectivity for
butanol (180) and reasonable selectivity for acetone and ethanol (40 and 14 respectively).
However, ()ley' alchol was lost gradually due to direct contact with the feed solution
contaminating the broth and requiring reimmobilization. Qin et al. (2003)
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had studied

pervaporation by using trioctylamine (TOA) as the liquid membrane immobilized in
porous hollow fiber support membranes to separate acetic acid from its dilute aqueous
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solution. A very high selectivity of 33 was achieved at 60 °C. The liquid membrane of
TOA performed with high stability for a period of time for the acetic acid removal.
However, TOA was gradually lost since the feed contacted directly the TOA present in
the pores; therefore an online regeneration technique was developed for the pervaporation
system; however that did not eliminate contamination of the feed by the TOA.
The technique developed by Qin et al. (2003) 17 involved a supported liquid
membrane in porous hollow fibers in a module and operated as a pervaporation unit. The
feed aqueous solution containing small organic compounds was passed on the tube side;
vacuum was applied on the shell side. The products permeating through the liquid
membrane were collected from the shell side using a vacuum trap chilled by liquid N².
Drawbacks of the supported liquid membrane in the previous study using TOA
are: 1) Loss of the liquid membrane to the feed because liquid membrane contacts the
feed solution directly; small amounts of TOA would be transferred to the feed. The TOA
in the pores of hollow fibers was also lost gradually. 2) Contamination of the feed by the
liquid membrane. Almost all liquid membrane compounds have significant toxicity for
the organisms in the fermentation broth; these include even 2-ethyl-1 -hexanol or n- and
sec-octanol.
1.5 Objectives of This Thesis
1. Develop a new liquid membrane technique to remove selected volatile organic
compounds relevant in ABE (acetone, butanol, ethanol) fermentation from their
dilute model aqueous solutions.
2. Demonstrate high selectivity for removal of these compounds from a filtered
fermentation broth from ABE fermentation.
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3. Demonstrate enhanced stability of the new technique.
4.

Study separation performance for an extractive pervaporation process.

5. Establish a model to describe the mass transfer for the configuration developed.

1.6 Approach
Liquid membrane for the pervaporation process is chosen first and then the supports are
selected/designed to satisfy the application requirements. Liquid membrane chosen in this
study was n-trioctylamine (TOA) due to its favorable properties: non-volatile compound,
essentially insoluble in water; possesses polar-nonpolar property so that it can selectively
remove a variety of organic compounds; enhanced selectivity for organic acids. From
previous studies by Qin et al. (2003) 17 , TOA demonstrated high performance in
extracting low molecular weight acids from aqueous solutions. However, a direct contact
between the feed solution and liquid membrane (TOA) must be eliminated due to toxicity
of TOA and the need for stability of pervaporation performance. The support for liquid
membrane must meet this important requirement. There has to be a coating which will
prevent direct contact between TOA and liquid feed mixtures; however, the coated layer
will increase the mass transfer resistance of solvents through the membrane. Instead of
the conventional symmetric hydrophobic porous hollow fibers, the support chosen was
porous hydrophobic polypropylene hollow fiber as the porous substrate with a highly
hydrophobic nanoporous silicone fluoropolymer coating to reduce mass transfer
resistance compared to a nonporous coating.
The membrane modules so prepared will be characterized for their bioproduct
separation capabilities. The setup will utilize vacuum through the bore of the hollow
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fibers to develop the driving force for the removal of the volatile species from the
synthetic feed solution which will be flowing through the shell side of the hollow fiber
module via a peristaltic pump. There will be two vacuum traps so that one of the vacuum
traps is always connected to the module. Extended term studies will be done lasting for
an extended period at a specific temperature to determine whether the flux and selectivity
remain constant with time for the LM-based modules. The feed line will be appropriately
jacketed and heated up for higher temperature runs. Studies will be carried out at 25 — 55
°C (for acetone, butanol, ethanol, acetic acid) and at around 28 gm/liter for the feed solute
concentrations in the ABE system (reasonable distribution (wt %) of acetone (0.8),
butanol (1.6), ethanol (0.5), acetic acid and butyric acid; see Qureshi et al. (2001)

1³

and

Shukla et al. (1989) ²1 ). This ABE mixture has similar concentration distribution to a
fermentation broth which is produced from Clostridium acetobutylicum.
The proposed membrane system will not only be tested with model solutions, but
this membrane will be used with a fermentation broth, which is to be obtained from the
fermentation process using Clostridium acetobutylicum. Fermentation should be carried
out for around 72 — 96 hours, then the fermentation broth will be filtered and stored at a
suitable temperature for use later in pervaporation with the desired membrane module.
From the approach explained above, the solvent mass fluxes, however, will be
reduced by the coated layer even if the coated layer is nanoporous. One could increase
the solvent mass fluxes through the membrane by reducing the thickness of liquid
membrane since mass transfer resistance will be reduced by decreasing the thickness of
membrane. The thickness of liquid membrane can be reduced by using a volatile solvent
(diluent) such as hexane mixed with the liquid membrane instead of using the pure liquid
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membrane. The mixture of hexane and TOA will be immobilized in the pores of the
substrate, then dry N² will be introduced on the shell side to evaporate hexane and leave a
thinner liquid membrane. The modules having thinner liquid membrane will be tested
with both model solutions and filtered fermentation broth.
From previous studies, the selectivity of the liquid membrane for small polar
molecules such as ethanol or acetone was quite small compared to the selectivity of larger
alcohols such as butanol. To improve the performance of the liquid membrane for a
pervaporation process to remove ethanol from an aqueous solution in an ethanol
fermentation based on yeast, small amounts of a larger alcohol, such as butanol, will be
added to the system. Butanol will potentially enhance the solubility of ethanol in the
liquid membrane, which will increase the selectivity of ethanol. This is extractive
pervaporation. Just as in extractive distillation, a solvent added changes the liquid phase
activity coefficients and improves the separation, for example, by breaking a minimumboiling azeotrope, similarly addition of butanol is expected to enhance the selectivity of
ethanol by improving among others its solubility in the membrane and reduce that of
water.
Since there is very little information about the solubility of organic solvents in
TOA, determination of the solubility of these compounds will be part of this thesis.
Solubility determination will be carried out by using a headspace — gas chromatograph to
analyze the amount of solvents soluble in TOA. The obtained solubility data will be used
with diffusivity estimation to develop an estimate of the permeance of each species
through the liquid membrane. Permeance is the most important property of the membrane
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system; permeances of different species will predict the behavior of any specific system
vis-à-vis the fluxes and the selectivity.

CHAPTER 2
EXPERIMENTAL

2.1 Membranes, Chemicals and Instruments
2.1.1 Membranes
Hollow fiber membrane modules were fabricated in the laboratory using translucent
PTFE tubing as the shell of the hollow fiber module. Initially, microporous hydrophobic
polypropylene (PP) hollow fiber membranes (X-10, X-20) were obtained as such from
the manufacturer (Celgard Inc., Charlotte, NC) and used as a liquid membrane support
(Figure 2.1).
Next, porous hydrophobic polypropylene hollow fibers having a nanoporous
fluorosilicone coating on the outside diameter of the fibers were obtained from Applied
Membrane Technology Inc. (AMT), Minnetonka, MN. The porous hydrophobic
polypropylene hollow fibers coated with fluorosilicone on the outside of fibers have very
small pores in the coating to make it nanoporous. The pore size of the coating is
significantly smaller than the pore size of the polypropylene substrate. Such a structure
was filled with the liquid membrane in the pores of the substrate (Figure 2.2). These
modules are shown in Figure 2.3a. The details of membranes and the modules are
provided in Table 2.1.
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2.1.2

Chemicals

Acetic acid (HAc) (99.5 % glacial) (Acros Organics); tri-n-octylamine (TOA : 950/0 OC)
(Fluka); ethanol (97% Denatured), acetone (99 %), n-butanol (99 %) (Fisher Scientific,
Fair Lawn, NJ); liquid N2 (Welco COl, Newark, NJ), Zein protein (Freeman Industries,
Tuckahoe, NY).
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** Coated
**
type
(X — 10)
(X — 20)
polypropylene
(X — 20) *
polypropylene
polypropylene
polypropylene
Characteristics Porous
Porous
Porous having a Porous
Porous having a Porous having a Porous having a
fluorosilicone
fluorosilicone
fluorosilicone
fluorosilicone
coating on O.D.
coating on O.D. coating on O.D. coating on O.D.
Number of
30
30
36
36
36
25
20
Fibers
Porosity
0.30
0.30
0.45
0.30
0.45
0.45
0.45

Module

Table 2.1 Details of hollow fiber membranes and modules used
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Table 2.1 Details of hollow fiber membranes and modules used (continued.)
Module

16

17

18

Membrane
Coated
Coated
Coated
**
**
Type
polypropylene** polypropylene polypropylene
Characteristics Porous having a Porous having a Porous having a
fluorosilicone
fluorosilicone
fluorosilicone
coating on O.D. coating on O.D. coating on O.D.
30
Number of
30
20
fibers
Porosity
0.45
0.45
0.45
0.D. *** (gm)

380

380

380

I.D. *** (gm)

280

280

280

Effective
13.5
12.5
13.0
length (cm)
Mass transfer
35.6
22.0
34.3
area (cm 2 ) ****
Shell details
3/8 in O.D.
3/8 in O.D.
3/8 in O.D.
plastic tube
plastic
tube
plastic tube

* Provided by Celgard Inc. Charlotte, NC
** Provided by Applied Membrane Technology Inc., Minnetonka, MN
*** O.D. (outside diameter); I.D. (inside diameter)
**** Based on inside diameter
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2.1.3 Instruments Used

•

Gas chromatograph (model HP 5890 and HP 6890, Agilent, Wilmington, DE)
equipped with a 10% AT-1000 on Chromosorb W-AW, 80/100 packed column
(Alltech, Deerfield, IL)

•

Gas chromatograph (model CP 3800 ,Varian Walnut Creek, CA) equipped with
DB 5ms column (Agilent, Wilmington, DE)

•

UV-VIS Spectrophotometer (Model U-2000, Hitachi, Danbury, CT)

•

Scanning electron microscope (Model Leo 1530 )

•

Interfacial tensiometer (Model K8, Kruss, Hamburg, Germany)

•

Virtis Omni-Culture fermentor (Gardiner, NY).

2.2 Fabrication and Characterization of Hollow Fiber Membranes
and Membrane Modules

Membrane modules were assembled using hollow fiber membranes with and without
coating. The membrane modules look similar to shell-and-tube heat exchangers. A
picture of a hollow fiber membrane module is illustrated in Figure 2.3b.
Polytetrafluoroethylene (PTFE) tubes were used as the shell of the modules which were
in two different sizes: 1/4" (0.64 cm) and 3/8" (0.95 cm) diameter. The tubing was fitted
with 1/4" male run tees (3/8" male run tees for 3/8" diameter PTFE tubing). The desired
number of fibers for the membrane modules was bundled together; both ends of the
bundle were tied with thin tapes. One of the ends was pulled through the bore of the
tubing. A suitable potting material preventing leak was applied to both ends.
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The method of potting the ends of the module was as follows. A two layer potting
was used to prepare each tube sheet for a module. A two-component RTV 118 silicone
rubber adhesive sealant was applied as the first layer at the end of the each module end
fitting. This sealant is highly viscous and hence it does not flow out of the end fittings of
the module when applied. After curing for one day, epoxy (C-4: resin; D: activator;
weight ratio, 411: Beacon Chemicals, Mt. Vemon, NY) was applied as the second layer
through the nearest shell side outlet using a glass dropper; the epoxy was cured for two
days. Low viscosity of this epoxy helped its penetration into the spacing between the
fibers and provided a leak-proof tube sheet.

Figure 2.3a Samples of finished modules.
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Shell-side in/out

Lumen-side in/out

Location of
the tube sheet

Shell-side in/out
Lumen-side in/out

Figure 2.3b Assembly of a hollow fiber membrane module.

The membrane modules were intended for use with

organi~

solvef ts; but silicone

rubber (sealant) swells in organic solvents such as acetic acid solution. Hence use of the
silicone rubber as a first layer for potting was not employed. The regular epoxy (C-4 resin
with activator) is not viscous enough to stand by itself when applied to the end fittings
without the layer of silicone rubber. Therefore, the membrane modules were potted by
\

the following procedure which eliminated the use of silicone rubber. Highly viscous and
\
\

"

"

a solvent stable epoxy (Loctite M-21HP, Medical device epoxy adhesive: Loctile Corp.,
Rocky Hill, CT) was used to make a tube sheet. This epoxy was applied into the end
fittings from the module ends and epoxy was forced to go in between the fiber gaps by
separating the fibers apart and creating the spacing between the fibers. The inner surfaces
of the end fittings were grooved before potting, so that the grooves would anchor the
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epoxy to the fittings. The effective module length was the length of the PTFE tubing less
double the potting thickness (to account for both sides of the potting).
Before using these modules, preliminary tests were carried out. To test for any
leakage, the shell side of the module was filled with deionized water. Water pressure was
maintained at 20 psig (188 kPag) for about 1 hour. If no water leaked through the potting
(or through the fibers due to damaged or defective fibers), the module was considered
leak-free. Hollow fiber membrane modules were fabricated with different number of
fibers and in different lengths to match the requirements of different applications.

2.3 Liquid Membrane Immobilization Technique: Lumen-Side Immobilization
Lumen-side immobilization was used with trioctylamine (TOA). Through the tube side of
the module, the liquid membrane material (TOA) was introduced into the fiber bore by a
peristaltic pump; this liquid spontaneously filled the pores of the hydrophobic PP hollow
fiber. In the case of porous fibers without any coating, the liquid membrane wetted the
fiber wall and penetrated the shell side. The liquid circulation was continued for around
20 minutes; then excess liquid membrane in the shell side was removed by draining. The
excess liquid membrane on the lumen side was removed by passing clean air at a low
pressure, about 3 psig (20 kPag) for around 2-3 hours. The module was kept overnight
and the supported liquid membrane (SLM) in the pores was tested via N2 permeation
described later.
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2.4 Reduced Thickness of TOA as a Supported Liquid Membrane
The procedure described above develops a supported liquid membrane spanning the
length of the pores of the substrate wetted by TOA. The thickness of TOA as the SLM in
the pore can be reduced by using a mixture of TOA and hexane as a diluent. The mixture
of TOA and hexane was immobilized in the membrane pores via the immobilization
technique described above; subsequent passing of clean air at a low pressure through the
shell side leads to evaporation of hexane. Hexane will evaporate due to its very high
vapor pressure and leave a thinner TOA liquid membrane in the pores of hollow fiber
substrate on the outer diameter side (Figure 2.4). Note that this was carried out with the
coated hollow fiber where the nanopores of the coating were not wetted by the mixture of
TOA and hexane due to the surface tension. The surface tension of TOA/hexane mixture
must not be lower than the critical surface tension of the coating surface to prevent
wetting. Some data for surface tension of solvents and critical surface tension of surface
materials are given in Tables 2.2 and 2.3. The module was tested with N2 for gas
permeation for this thin LM.

Coating layer

Porous suppgrt
Pores partially filled with liquid membrane
— thin liquid membrane

Hollow fiber

Fiber bore has a high vacuum

Feed

Figure 2.4 Liquid membrane immobilized in porous hydrophobic hollow fiber membrane
having a nanoporous fluorosilicone coating: liquid membrane covers only part of the
substrate pore length —thin LM.
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Table 2.2 Surface tension of some solvents²²,²³,²4
Solvent

Surface tension (dynes/cm)

Surface tension (N/m)

Water

73

0.073

Acetone

23-25

0.023-0.025

Butanol

22-23

0.022-0.023

Ethanol

24.2

0.024

Acetic acid

27.6

0.027

Trioctylamine (TOA)

28.5

0.028

Hexane

18.5

0.018

Table 2.3 Critical surface tension of some polymers 24 '25
Critical surface tension Critical surface tension
Surface material
(dynes/cm)

(N/m)

Polypropylene (PP)

30-33

0.030-0.033

Poly(dimethylsiloxane) (PDMS)

21.3

0.021

Fluoropolymer

5-20

0.005-0.020
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2.5 Gas Permeation Technique
The module with and without the liquid membrane in the pores of the hollow fiber
substrate was connected to a gas cylinder (N2) and a bubble flow meter for the testing
system. The gas cylinder was connected to one end of the module tube side; the other
tube side end was kept closed. One of the openings on the module shell side was closed; a
bubble flow meter was attached to the other shell side opening of the module (Figure
2.5).
The N2 permeance of the TOA liquid membrane in the wall of the hollow fiber
substrate was calculated by measuring the steady-state permeation rate of nitrogen
through the membrane via

Figure 2.5 Gas permeation test set up.
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where TSTP = 273.15 K, PSTP = 760 mm Hg, ΔP N2 is the pressure difference across
the membrane, A is the membrane area based on fiber internal diameter, P1 is
atmospheric pressure, V, is the volumetric flow rate of gas though the membrane during
measurement at room temperature, Q N2 is the permeability coefficient of N2 permeation
through the membrane of effective thickness gm . The same formula was used when there
was no liquid membrane.

2.6 Experimental Procedure for Pervaporation

The experimental procedure followed was similar to that by Qin et al.(2003) ¹7 . Feed
solution containing different solvents (acetone, ethanol, butanol, and acetic acid) was
introduced at a constant flow rate into the shell side of the module from a reservoir by a
Masterflex peristaltic pump. The tube side of the hollow fiber module was maintained
under vacuum by a Welch GEM 1.0 vacuum pump; the vacuum level was monitored by a
J-KEM Scientific digital vacuum regulator (model 200) and controlled by a needle valve
attached to the bypass loop of the regulator. Two glass vacuum traps were immersed in
liquid N2 Dewar flasks and connected to the vacuum pump to collect the permeate vapor.
The hollow fiber module containing the liquid membrane in the pores was
attached to the pervaporation system as shown in Figure 2.6. After the shell side of the
module was completely filled up with the feed solution, the vacuum pump was started,
and the permeate side was evacuated gradually (approximately 10-15 minutes). When the
lumen side was stable around a preset pressure between 3

—

5 Torr (mm Hg), the vacuum

traps were immersed in liquid N2 well to collect the permeate vapors by condensation.
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The membrane module was immersed in a bath (Cole Parmer, Vernon Hills, IL) for most
of the experiments to control temperature unless otherwise mentioned.

2.7 Permeate Sampling
Permeate vapors were collected for a fixed interval of time, usually eight to ten hours in
the attached vacuum trap. The vacuum traps were immersed in the liquid N² Dewar flasks
to stabilize permeate sample by quenching it to become solid. There were two vacuum
traps, one used as the inline permeate collector and another one as the standby permeate
collector. When the sample was collected for the desired time in the inline permeate
collector, the permeate sample was directed to the standby permeate collector by
switching two three-way valves from inline permeate collector to the standby permeate
collector. The sample in the inline vacuum trap was removed from the liquid N² Dewar
flask so its temperature was raised to room temperature and the permeate sample melted
into a liquid. The sample volume was determined. If there were two layers, it was noted
down. Individual layer volumes were determined and their compositions analyzed by gas
chromatograph discussed next.

2.8 Sample Analysis
The permeate sample was analyzed by a Gas Chromatograph (model HP 6890 and HP
5890, Agilent, Wilmington, DE) equipped with a 10% AT-1000 on Chromosorb W-AW,
80/100 packed column (Alltech, Deerfield, IL) and another Gas Chromatograph (model
CP 3800 ,Varian Walnut Creek, CA) equipped with DB 5ms column (Agilent,
Wilmington, DE);

Water bath (not to scale)

Three way valve

Inline permeate
collector

Three way valve

Standby permeate
collector

follow Tiber module

-

Figure 2.6 Experimental setup for supported liquid membrane based pervaporation process.

Feed reservior

Feed pump

Pressure indicator

Retentate (recycle)

Digital regulator

Vacuum pump

Thermometer

4:6
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the conditions of analysis were: 70°C for 5 minutes, the oven temperature was raised to
140°C at rate 35°C/minute then temperature was kept at 140°C for 10 minutes. The
calibration curves were determined by using different aqueous solutions injected to the
gas chromatograph in the same condition. The calibration curves are provided in Figures
2.7 to 2.10 for ethanol, acetone, n-butanol and acetic acid respectively.

Figure 2.7 Calibration curve for ethanol.

Figure 2.8 Calibration curve for acetone.
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Figure 2.9 Calibration curve for butanol.

y = 167.06x + 18.372
R2 = 0.9988

Figure 2.10 Calibration curve for acetic acid.

2.9 Trioctylamine Analysis
The amount of trioctylamine in an aqueous solution can be determined by chloroform
extraction (Ritcey and Ashbrook (1984) ²6 ). An aqueous sample of 10 ml volume was
taken into the flask; then, 15 ml of water was added. A small amount of sulfuric acid
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solution was added into the flask until the pH of the solution dropped to between 1 to 3
before adding 1.0 ml of bromophenol blue into the flask and shaking it well. Next, 10 ml
of chloroform was introduced to the flask, the flask was shaken well and vigorously to
ensure that the chloroform extracted all of the amine from the aqueous phase. Then the
two phases were separated. The absorbance of the organic phase (chloroform) was
measured in an 1 cm quartz cuvet at 410 nm against a blank solution (water without any
dissolved amine). Calibration curves were developed using a standard solution containing
100 fig of amine (TOA) in 15 ml of water (7.5 ppm of TOA in water), which is the
solubility of TOA in water. The basis of this extraction-based analysis is the tendency of
the tertiary amine to form an amine salt with the acid, a polar ion-pair, which is then
extracted into the organic phase. ²6 The calibration curve of TOA dissolved in water is
illustrated in Figure 2.11.

TOA in water (ppm)

Figure 2.11 Calibration curve of TOA in water from TOA analysis; UV absorption at
410 nm.
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2.10 ABE Fermentation and Pervaporation of Filtered Fermentation Broth
2.10.1 Culture and Inoculum Preparation
C. acetobutylicum ATCC 824 was obtained from American Type Culture Collection
(Rockville, MD) as spores. Inoculum was prepared as follows: 1.9 g DIFCO Reinforced
Clostridium Medium (Becton Dickinson Microbiology System, Sparks, MD) was
dissolved in 50 ml warm water. To the solution was added 0.6 g of glucose; the solution
was then autoclaved for 15 min at 121°C followed by cooling to 75°C. An amount of 15 —
18 ml of the solution was taken for adding 0.1 ml of inoculum and heated to 75°C for 2
min and followed by cooling in ice-cold water for 1 min. The heat shocked spores were
incubated in an anaerobic incubator at 35°C for 18 — 24 hr. When growth appeared, the
small amount of cell culture, 5-10 ml, was transferred to 100 ml of medium which
consisted of glucose 30 g/l, yeast extract 5 g/l, ammonium acetate 2 g/l, sodium chloride
1 g/l, KH2PO4

0.75 g/l, K 2 HPO 4 0.75 g/l, cysteine HCl.H2O 0.5 g/l, MgSO4 0.20g/l,

MnSO 4 .7H20 0.01 g/l, and FeSO 4 .7H20 0.01 g/1 (Qureshi et al. (2000) ¹3 . Before
inoculation, the medium was filtered through 0.5 1.1m filter and autoclaved at 121° C for
15 min, then cooled to 35°C in an anaerobic incubator for 20 — 24 hr to allow the growth.

2.10.2 Fermentation
Fermentation was carried out in a Virtis Omni-Culture fermentor (Gardiner, NY) using
the above medium with 40 g/l glucose. The fermentor containing 1 liter medium was
autoclaved at 121°C for 15 — 17 min and cooled down to 35°C. The actively growing
culture, 70-90 ml, was added to the fermentor and kept under anaerobic condition. When
the culture started producing its own gas, sweeping nitrogen gas across the medium

39

surface was stopped. During growth, the pH drop was controlled at 5 by using 5.0 N
NaOH. The pH probe was sterilized using 50 % ethanol and deionized water before
inserting it into fermenter. The fermentation was stopped after 72 — 96 hours

¹³ .

At the end

of the fermentation, the fermentation broth was filtered through 0.5 μm or 0.1 gm
(Fluoropore, Millipore, Bedford, MA) flat sheet filter. The filtered fermentation broth
was ready to be used as the feed for the pervaporation process.

2.11 Solubility Determination by Headspace-Gas Chromatography

Solubility of solvents in TOA can be determined by comparing the vapor phase amount
of solvent appearing in both vials, the vial containing a small amount of pure solvent and
the vial containing same amount of solvent and a known amount to TOA. This technique
is called vapor phase calibration (VPC) method (Kolb and Ettre (1997)) 27 . Small amounts
of a pure analyte (solute such as ethanol in this case) are introduced into a headspace vial
that is elevated to the desired temperature, then the full amount of analyte will evaporate,
and as a result an one-phase system; is formed in the vial containing the vapor of the
analyte and air. This sample vial can be used as a calibration standard. Another vial
contains the solvent (TOA in this case) at a known amount and the same amount of
analyte is added. The gas phase in this vial will be injected into the gas chromatograph
from the headspace. The concentration of the analyte will be determined, which is lower
than concentration of the analyte in the first vial. Most of the analyte is dissolved in the
solvent (TOA). Since the amounts of analyte in the first and second vials are known from
the gas chromatograph, so the amount of analyte in TOA can be determined. This amount
can be referred to as the solubility of the analyte in TOA. This application can be used to
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calculate the phase distribution of a volatile compound between the gas phase and the
liquid phase, which is described as the partition coefficient.

2.12 Testing of the Coated Membrane by Ultrafiltration of Zein
Hollow fiber membranes were characterized by measuring zein (MW, 35000) rejection in
an ethanol solution. A pump was used to pass the feed solution through the lumen side of
the fibers. The valve located at the end of the module was used to pressurize the feed
solutions and to control the feed pressure. The experimental set up is shown in Figure
2.12. Permeate was collected through the shell side of the hollow fiber module and
analyzed for solute concentration.
For ultrafiltration studies, the coated hollow fiber membranes were tested for zein
rejection with a feed solution of zein in 70% ethanol/ 30% water. The zein concentration
of the feed solution used was 1g/l; the pressure in the feed was 30 psig (207 kPag).
Concentrations of zein in the permeate were measured by the following method. Zein in
the collected permeate was precipitated by adding 6 cc of 1% NaCl solution to 2 cc of
permeate; the absorbance of the precipitated solution was measured at 590 nm by the U2000 UV-VIS spectrophotometer. 28

2.13 Membrane Characterization by Scanning Electron Microscope (SEM)
The coated hollow fiber membranes were characterized by a scanning electron
microscope (SEM Leo 1530). The samples were carbon coated before the SEM
characterization was carried out at an accelerating voltage of 2-3 kV. The fiber was sliced
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at an angle to take the SEM pictures of the coating on the inner surface and the cross
sectional area.

Reservior

Figure 2.12 Test set up for ultrafiltration-based membrane characterization.

2.14 Extended Term Pervaporation Run for Membrane Stability
One membrane module (module 16) was prepared for extended term pervaporation run.
After immobilization of the liquid membrane on the module, clean water was passed
through the membrane module continuously (around ~ 1 atm) and the tube side was
connected to the vacuum to simulate the pervaporation condition. Once a week, the
module was tested for the pervaporation performance in the actual pervaporation setup by
using the model solution in the feed. After the experiment was carried out, the module
was detached from the pervaporation setup and connected with clean water and the
vacuum on the shell side and the tube side respectively.

2.15 Definitions of Flux and Selectivity
The performance of a membrane process is generally represented by flux and selectivity.
The molar fluxes of solvents and water in pervaporation can be defined as
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(2.2a)
(2.2b)
where P:or./ and P;;20 are the vapor pressures of solvent and water respectively in
equilibrium with the liquid feed. The quantities Ansolvent ,perm and P H2O,perm are respectively
the partial pressures of solvent and water in the lumen (vacuum) side; these depend to
some extent on the preset permeate side pressure. The overall mass transfer coefficients

(2.2c)
where Q' and 8 m are the permeability coefficient of species i and membrane thickness
respectively. Various quantities needed for determining

Q
0solvent

are obtained in the

following fashion.
From any experiment, the mass flux (j i ) was calculated from
J, =

mass of i permeated through the membrane (g)
time (hr) x membrane area (m 2 )

(2.3)

The selectivity is defined by
(

αsolvent/H2O

solvent weight fraction in the permeate /

solvent weight fraction in the feed
=

water weight fraction in the permeate
water weight fraction in the feed
(2.4)

CHAPTER 3
RESULTS AND DISCUSSION OF THE PERVAPORATION PERFORMANCE
BY TOA AS THE LIQUID MEMBRANE

The results of the liquid membrane immobilization process vis-à-vis different supports
will be provided first. Then pervaporation results from using porous polypropylene
hollow fiber membranes as a support for TOA performing as a SLM will be presented.
Pervaporation separation results where the hollow fiber support has a nanoporous
fluorosilicone coating will be illustrated next. These results will include solutions of
single species, solutions of different species both in model solutions and in a solution
from a filtered fermentation broth. These studies, carried out without any acetic acid in
the synthetic feed solution, will be followed by those for feed solutions containing acetic
acid. The results of using a thin LM are provided next. At the end, the nature of the
coating vis-à-vis the liquid membrane will be discussed.
Before any results are reported, it is necessary to deliberate on the concentration
levels of individual bioproducts employed in the synthetic feed solutions studied. The
concentration level of n-butanol, achieved in ABE fermentation varies between 1.5 and
2.5 wt %; alcohol level varies from 0.5 to 0.8 wt %, acetone level varies from 0.4 to l.0
wt %. Such levels are influenced also by the acid level (e.g., acetic acid, butyric acid) an
increase in which will reduce the solvent level. Acetic acid level in general will depend
on the fermentation under consideration — it can go up to as much as 10 %. On the other
hand, in yeast fermentation depending on the condition, alcohol level can go up from 5%
up to 10 % plus if product inhibition tolerance can be improved. Therefore, in some
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experiments reported here, alcohol level has been increased to as much as 5 % without
acetone and n-butanol.
During the liquid membrane immobilization process, any difference between the
process in the uncoated fibers and coated fibers was observed. The TOA liquid
membrane penetrated from the fiber bore in the lumen side to the shell side of the module
easily for uncoated fibers. On the other hand, a very small amount of the liquid
membrane came through to the shell side in the case of coated fibers (as was observed
through the translucent plastic shell casting of the module) with a few drops on the fiber
O.D. This is reasonable because the uncoated fibers are highly porous and their pore size
is much larger. The critical surface tension of PP is ~30 dyne/cm (0.030 N/m) whereas
the surface tension of TOA is somewhat less than this value (0.028 N/m) so that pore
wetting is spontaneous.
However, in the case of the coated fibers, the small amount of TOA that came
through to the shell side must have come through the defects of the coating. There is a
possibility of TOA wetting the nanopores of the coating although it is highly unlikely
since the critical surface tension of the coating material is less than 20 dyne/cm (0.020
N/m). The coated layer in the fluorosilicone coated fibers was also nanoporous with very
fine pore size. Therefore the liquid membrane could not readily permeate to the shell side
unless the pressure applied is significant. Therefore, pressure control during pore wetting
by TOA is important. The fermentation broth cannot wet these pores either; however
solvents from the fermentation broth are evaporated through these gas-filled pores and
come into contact with the liquid membrane. This support membrane structure can
eliminate the loss of liquid membrane to the feed liquid during the pervaporation process
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and prevent contamination of the fermentation broth by the solvent used as the liquid
membrane.
The N2 permeation data are shown in Table 3.1. The important item to note here
is that the N2 permeation rate through the thin liquid membrane was 3.6 times larger for
the 30 % TOA case (hexane the rest) and 5 times larger for the 20 % TOA case (hexane
the rest). These data clearly show that the liquid membrane thickness in the pores has
been reduced correspondingly to less than 1/3 rd and 115 th of the full membrane wall
thickness after hexane was removed by evaporation.

Table 3.1 The N2 permeance of fibers with and without coating tested before and after
immobilization of liquid membrane

Q(
Module

Characteristics

Permeance
:
³
cm
M 2 sec.cmHg )
.

Liquid membrane

After
Before
immobilization immobilization
12

Porous

100 % TOA

5.93 x10 -³

2.20 x10 -7

11

Fluorosilicone
coated

100 % TOA

2.48x10-³

1.50xl0-7

13

Fluorosilicone
coated

30 % TOA/70 %
hexane *

2.56 xl0 -3

5.40 x10 -7

14

Fluorosilicone
coated

20 % TOA/80
. %
hexane

2.52 x10 -³

7.48 x10-7

* Hexane is removed by air blowing; final liquid membrane is only of TOA
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3.1 Performance of TOA Liquid Membrane with Uncoated Polypropylene Hollow
Fibers as Support for Organic Solvent Species
In these experiments, solutions containing l.0 % of either acetone or ethanol in water by
weight were used at room temperature without immersing the module in a water bath
(-25°C). The permeate side acetone concentration was 62.8 wt % which yielded a value
of 167 for selectivity and a mass flux of 4.5 g/m 2 hr. In the tests with the ethanol solution,
the ethanol selectivity achieved was 15 and the mass flux was 0.6 g/m 2 hr. The selectivity
of ethanol was close to the result obtained by Matsumura et al. ¹5 using oleyl alcohol as
the liquid membrane; however, the selectivity of acetone is considerably higher than their
results obtained using oleyl alcohol. A solution of acetic acid was also tested with TOA
in porous hollow fiber support as well. A selectivity of 2.1 was obtained for acetic acid at
room temperature and 4.0 wt % in the feed. This value is on the low side of the results
from Qin et al (2003) ¹7 . These results are summarized in Table 3.2.
Butanol solutions were next tested using butanol concentrations varying between
1.5 and 2.5 wt % at room temperature (-25 °C). The selectivity of butanol increased from
108 to 141 as its concentration was increased from 1.5 — 2.5 wt % in the feed as shown in
Figure 3.l. From experiments with butanol at different concentrations in feed, both the
flux and selectivity of butanol were increased as the feed butanol concentration was
increased. These results have also been summarized in Figure 3.1. A higher driving force
due to a higher weight fraction of butanol in feed contributed to a higher equivalent
partial pressure of butanol in feed and a higher flux. However, the very high selectivity
indicates that n-butanol solubility in TOA must be much greater than that of the more
polar solvent ethanol.
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Table 3.2 Pervaporation performance of TOA liquid membrane with porous hollow fiber
as support for single organic solute/solvent in aqueous feed +

Feed

Permeate
Feed
Mass flux
concentration concentration Selectivity
(g/m2 /hr)
(wt %)
(wt %)

Acetone
4.6
62.8
167.8
1.0
solution *
Ethanol*
0.6
15.2
1.0
13.30
solution
Acetic acid
5.4
2.1
8.0
4.0
solution **
Butanol
6.4
108.4
62.3
1.5
solution
Butanol
8.2
126.4
2.0
72.0
solution
Butanol
10.0
78.3
141.2
2.5
solution
+ Feed temperature 25 °C ; Vacuum level 3.2 torr unless stated otherwise
* Porous polypropylene hollow fiber as a support (X-20): module 5
** Porous polypropylene hollow fiber as a support (X-10): module 3
*** Porous polypropylene hollow fibers as a support (X-20): module 5; Vacuum
level 3.5 ton

3.2 Results for a Mixture of Compounds in Feed for TOA as the Liquid Membrane
with the Uncoated Hollow Fibers as Support
3.2.1 Results for a Mixture of Compounds in Feed at Room Temperature
Two different concentrations in the feed solution were tested with TOA as the liquid
membrane in a porous PP hollow fiber as support at room temperature. The selectivities
of butanol, acetone and ethanol achieved for solution 1 were respectively 104, 75 and 40,
as shown in Table 3.3. The selectivities of all species with solution 2 were lower since the
butanol concentration in the feed was lower. Figure 3.1 indicates that higher butanol
concentrations in the feed mean higher solubility of butanol in the membrane which
implies potentially higher solubility of other polar species, acetone and ethanol and
higher selectivities for them.
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(a)

(b)

Concentration of butanol in feed (wt %)

Figure 3.1 Influence of butanol concentration in feed on (a) selectivity and (b)
permeation flux (module 5 used, pure TOA as LM).
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Table 3.3 Selectivity and mass fluxes obtained from a mixture of different components
in feed with TOA as a liquid membrane

Acetone

Selectivity
Ethanol

Butanol

Acetone

Solution 1 a

75

40

104

2.6

1.l

10.7

Solution 2 1)

68

31

71

2.1

0.7

8.3

Solution

Flux (g/m2 h)
Ethanol
Butanol

Remarks: 1) Feed room temperature (-25 °C); Vacuum level 2.9 ton.
2) TOA as a liquid membrane
3) Porous polypropylene hollow fiber as a support (X-20): module 12
a: model solution: acetone 0.69 wt %, ethanol 0.54 wt % , butanol 1.97 wt %
b: model solution: acetone 0.45 wt %, ethanol 0.31 wt % , butanol 1.64 wt %

3.2.2 Results for Feed Mixtures at Different Temperatures
Data from temperature variation studies with the module immersed in the constant
temperature bath were obtained from 22 °C to 35 °C and are illustrated in Figure 3.2. The
selectivity and fluxes of all solvents increased as the temperature was increased. Possible
reasons for such a behavior will be discussed later.

3.3 Performance of TOA Liquid Membrane using Nanoporous Fluorosilicone
Coated PP Fibers
3.3.1 Single Organic Solvent Species in Solution
These experiments employed individual solutions of ethanol or butanol at different feed
concentrations and temperatures. Figure 3.3 illustrates the selectivity and flux of ethanol
at various temperatures for two feed concentration levels. The selectivity of ethanol goes
up to 32 at a feed temperature of 54 °C and 5.0 wt % ethanol in feed. As expected, higher
ethanol concentration in feed results in a higher selectivity and mass flux due to higher
driving force for the pervaporation of ethanol through the liquid membrane.
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♦ acetone
ethanol
♦ butanol

♦ acetone
ethanol

(a)

(b)

♦ butanol

Figure 3.2 Performance of TOA as the liquid membrane with hollow fiber as the support
with a mixture at different temperatures: (a) selectivity (b) mass flux (Module 5 used,
pure TOA as LM, feed concentrations of acetone, ethanol and butanol were 0.7, 0.5 and
1.7 wt % respectively).
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However, the selectivities achieved are significantly lower than those shown in Figure 3.2
achieved in the presence of butanol. This supports the comment made earlier that
presence of butanol enhances ethanol selectivity due to potentially its increased solubility
or reduced water solubility.
The performance of TOA as the liquid membrane was tested with butanol
solutions as well at various temperatures. The selectivity of butanol was found to be as
high as 162 and the permeate mass flux of butanol could reach 11.0 g/m 2 hr at 54 ° C. The
selectivity of butanol obtained with TOA as the active membrane is quite high compared
with results from mixed matrix membranes or even the results from using silicone
membrane¹³,²9,³0,³¹¹ . Figure 3.4 illustrates butanol selectivity and butanol flux at different
temperatures.
The full thickness TOA liquid membrane in the coated hollow fibers as the
support was tested with 2 different concentrations of acetic acid, namely 2 and 5 wt %, at
different temperatures. The selectivity of acetic acid reached up to 15.5 and the flux
obtained was 6.8 g/m 2 -hr at 54°C, as illustrated in Figure 3.5.

3.3.2 Mixtures of Acetone, Butanol and Ethanol
Experiments were carried out with a feed mixture at various temperatures up to 54 °C.
The selectivity and mass flux of solvents were increased at elevated temperatures as
shown in Figure 3.6. The TOA-based liquid membrane displayed high performance in
removing the solvents present at low concentrations from their aqueous solutions. The
concentration of butanol in the permeate reached up to 67 wt % from an 1.5 wt % feed
solution at 54 °C for the data shown in Figure 3.6.
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(a)

Temperature (°C)

Temperature (°C)

Figure 3.3 Influence of temperature and ethanol concentration on (a) selectivity and (b)
permeation flux in coated hollow fibers (module 11 used, pure TOA as LM).
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(a)

Temperature (°C)

Temperature (°C)

Figure 3.4 Butanol-water selectivity and permeation flux at different temperatures in
coated hollow fibers: (a) selectivity (b) butanol permeation flux (Module 11; pure TOA
as LM; feed concentration 1.5 wt %).

54

♦ 2 wt % acetic acid

■ 5 wt % acetic acid

(a)

Temperature ( °C )

♦ 2 wt % acetic acid

■ 5 wt % acetic acid

(b)

Temperature ( °C)

Figure 3.5 Acetic acid selectivity and permeation flux at different temperatures in coated
hollow fibers: (a) selectivity (b) permeation flux (Module 17; pure TOA as LM).
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The selectivity of butanol, acetone and ethanol went up to 275, 220 and 80 respectively at
54° C. As in the experiments with single species solutions, the selectivity and fluxes get
higher when the temperature is increased due to higher driving force such as higher
partial pressure and other factors, to be discussed in following section. Especially
noticeable here is the drastic increase in ethanol selectivity due to the presence of butanol
in the feed solution (compare it with that in Figure 3.3).
Consider now the results in Table 3.4 using the coated fiber-based module 15
without any liquid membrane. The selectivities of all three species are very low and
reflective of those achieved due to a combination of Knudsen diffusion-based selectivity
and vapor pressure-based selectivity through the nanoporous membranes. The
nanoporous membrane will provide lower selectivity via Knudsen diffusion since water
will move faster due to Knudsen diffusion vis-à-vis the other species.

Effect of temperature

The coated fiber-based module 11 with TOA as the liquid membrane displayed
considerable stability since the module was used for many different experiments without
any liquid membrane regeneration for a period of over six months. The cumulative time
of testing was over 300 hours. However, pervaporation using the liquid membrane at a
higher temperature was not tested due to concern about the thermal stability of the
substrate membrane material. The highest temperature tested was 54 °C as illustrated in
Figures 3.3 — 3.5.

56

♦ acetone

■ et hanol
• but anol

(a)

Temperature (°C)

♦ acetone
• ethanol

(b)

A butanol

x w ater

Temperature (°C)

Figure 3.6 Performance of TOA as the liquid membrane with coated hollow fibers as the
support with feed mixture at different temperatures: (a) selectivity (b) mass flux (Module
11 used, pure TOA as LM, feed composition: acetone 0.8 wt %, ethanol 0.5 wt %,
butanol 1.5 wt %).
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Table 3.4 Selectivity and mass fluxes obtained from a mixture at two different feed
temperatures with nanoporous coated hollow fiber without TOA (bare fibers) as the
membrane *
Selectivity

Mass flux (g/m ²-hr)

Temperature (°C)

Temperature (°C)

35

40

35

40

Acetone

1.92

2.66

3.03

5.57

Ethanol

2.48

2.53

2.14

2.89

Butanol

1.60

1.83

4.12

7.13

Species

* Module 15 used, pure TOA as LM, feed concentrations of acetone, ethanol and butanol
are 0.8, 0.5 and 1.5 wt % respectively.

It can be inferred that the higher the temperature, the higher the solvent
concentration in the permeate, the higher the solvent fluxes and the higher the solvent
selectivities. When the temperature was increased, the vapor pressures of solvents and
water increased, which resulted in a higher driving force for pervaporation since the
partial pressure of solvent in equilibrium with the solution on the feed side is almost
proportional to the feed temperature. In addition to the increased driving forces, the
higher temperature reduced the viscosity of the liquid membrane and thus increased the
diffusivity of species through the liquid membrane. However, higher temperature
decreases the solubility of solvents and water in the liquid membrane phase at the same
time which can reduce the fluxes of solvents and water in the permeate phase. From the
results, it is seen that the fluxes of solvents increased with increasing temperature, which
means that the effects from the increased driving force due to the increased difference
between equilibrium partial pressure on the feed side and the partial pressure on the
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permeate side, reduced liquid membrane viscosity and increased diffusivity had greater
influence than those from reduced solubility. At the same time, the fluxes of solvents to
the permeate side increased sharply with elevated temperature compared with those for
water which caused more amount of solvents to permeate to the vacuum phase compared
with water. This behavior contributed to higher selectivity of solvents over water at
elevated temperatures.

Effect of the Coating on Species Flux

The nanoporous coating provided exceptional life to the liquid membrane by preventing
its loss to the feed aqueous solution. However, the species fluxes were reduced as
expected. In Figure 3.7, the individual fluxes of acetone and butanol are compared
respectively for the two situations, support without coating and support with coating. It
can be seen that for the intermediate temperature range of around 25 — 40 °C, data
indicate that the coating reduces the flux from anywhere between 1.3 to 1.9 times. This is
expected as well from

N²

permeation test through the liquid membrane for coated and

uncoated fibers. The N² permeance of the bare uncoated hollow fiber membrane (Table

y

3.1) was 5.93 x10 -³ cm' (ST P

cm 2 .sec.cmHg

(module 12 was tested) whereas that of the

coated hollow fiber membrane was 2.56x10 -³ cm³ (STP)/cm²

.sec.cmHg

(module 13 was

tested) (Table 3.1). The value of N² permeance represents the total resistance encountered
by the gas permeating through each membrane. Therefore, the solvent fluxes for coated
fibers are also lower than those for uncoated fibers, which is reasonable.
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♦ uncoated fibers

coated fibers

(a)

♦ uncoated fibers

■ coated fibers

(b)

Temperature (°C)

Figure 3.7 Mass fluxes of (a) acetone and (b) butanol for TOA as the liquid membrane
with uncoated and coated hollow fibers as the support with a feed mixture at different
temperatures (For uncoated fibers: Module 5 used, pure TOA as LM, feed concentrations
of acetone, ethanol and butanol are 0.7, 0.5 and 1.7 wt % respectively; for coated fibers:
Module 11 used, pure TOA as LM, feed composition: acetone 0.8 wt %, ethanol 0.5 wt
%, butanol 1.5 wt %).
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3.3.3 Influence of Acetic Acid on Pervaporation Performance
Acetic acid has the potential to reduce the selectivities of all solvents due to increased
water flux to the permeate side resulting from coextraction of water. The results are
shown in Figure 3.8.
When these results are compared with those without any acetic acid in feed
solution, it appears that the fluxes of solvents remain unchanged from the experiments
without any acetic acid in the feed side. However, the flux of water in the permeate side
was much larger compared with that from experiments without acetic acid in the feed
solution; this lowers the concentration of solvents in the permeate side and the selectivity
of all solvent species. Solubility of water in pure TOA is very low (e.g., 0.040 mol/liter at
30°C, see Chen et al.³² ). Beyond the intrinsic solubility of water in TOA, water may enter
the organic phase with a solute. In this case, acetic acid can act as such a solute in the
system. Acetic acid (i.e., H+A c-) can react with the amine (i.e., RnNH(3-n )) to form a
complex as shown below:
(3.1)
(3.2)
However, molecules of water can react with these complexes via H-bond as shown
below:

(3.3)

The equation (3.3) is applied to TOA as shown in equation (3.4)
(3.4)
When the amine reacts with acetic acid molecules, it is possible that water can create a
bond with acetic acid molecules to form a weak complex, which is called solvation. Chen
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et al. ³² have shown that at lower acid concentration levels, moles of water extracted per
mole of TOA increase linearly with the acid concentration.

♦ acetone

■ ethanol

(a)

A butanol

Temperature (°C)

• acetone

■ ethanol
♦ butanol

(b)

X water

Temperature (°C)

Figure 3.8 Pervaporation performance when 0.5 % acetic acid was added: (a) selectivity,
(b) permeate mass fluxes. (Module 11 used, pure TOA as LM, concentrations of acetone,
ethanol and butanol were 0.8, 0.5 and 1.5 wt % respectively).
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From previous studies, the amount of water coextraction changes when different
diluents have been used with amine (organic) phase. The water coextraction decreases in
the order of 1-octanol > MIBK > nitrobenzene > methylene chloride > chloroform >
heptane. Water can solvate with molecules of acetic acid to create the complex structure
via hydrogen bond. Monocarboxylic acids carry less water with them than do
dicarboxylic acids, which may reflect the tendency of coextracted water molecules to
associate with the carboxylic group. From the experiment with changing temperature, all
fluxes increase substantially with increasing temperature; however, the flux of water did
not change much compared with the fluxes of other, which yielded a higher solvent
concentration and selectivity. The extent of coextraction of water is most likely to be
affected to a limited extent by the increase in temperature.

3.4 Influence of Thinner TOA on Pervaporation Performance
Although the liquid membranes studied so far have yielded excellent and very high
selectivity, the species fluxes are on the low side. This is expected primarily due to the
thick liquid membrane, the thickness being equal to that of the fiber wall, around 50 µm.
Therefore, a thinner liquid membrane has been explored by reducing the liquid
membrane thickness in the hollow fiber wall.
A mixture consisting of 30 vol % TOA as the supported liquid membrane and 70
% hexane as the diluent was used for making a thinner liquid membrane. The module
(module 13) having a thinner TOA layer was used for pervaporation using a model feed
solution for various feed temperatures from 38 °C to 54 °C. The results for pervaporation
with the thinner TOA as the LM were compared with the result using a thick TOA LM as

63
illustrated in Figure 3.9. As expected, the selectivities of the solvents over water did not
change with the thickness of the TOA liquid membrane since solution-diffusion
mechanism is operative here. Their selectivities were increased at the elevated
temperature as in the case of the thick liquid membrane spanning the whole fiber wall
thickness as the LM; however, the mass fluxes of those solvents were increased by more
than 3 times compared to the solvent fluxes using the full fiber wall for the SLM. From
Table 3.1, module 13 had 3.6 times thinner liquid membrane and 3.6 times higher N2
flux. Therefore this flux increase is understandable because the mass transfer resistance
in the liquid membrane was reduced by decreasing the liquid membrane thickness: the
mass fluxes of the solvents were elevated by the same factor by which the liquid
membrane thickness was reduced, there being essentially no other resistances.
These results are reinforced by the results in Figure 3.10 where the thin liquid
membrane was formed from a mixture of 20 vol % TOA (80 vol % hexane as the diluent)
in the module 14. As Table 3.1 shows, the liquid membrane was 5 times thinner here than
the full substrate thickness. More importantly, the selectivities of the species remain very
high while the mass fluxes have been increased by almost 5 times. The flux for butanol
has reached a value of 53 g/m ² -hr, a respectable value vis-à-vis polymeric membranes.

3.5 Performance of a TOA Liquid Membrane with a Filtered Fermentation Broth
as the Feed
An experiment was carried out by using the filtered fermentation broth as a feed
solution with the full thickness liquid membrane (module 18) and the thin liquid
membrane (module 13) as a pervaporation membrane.
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• acetone : pure TOA
acetone : 30%
TOA/hexane
A ethanol : Pure TOA

X ethanol : 30%
TOA/hexane

X butanol : Pure TOA

(a)

• butanol : 30%
TOA/hexane

Temperature (°C)

• acetone : pure TOA

■ acetone : 30%
TOA/hexane

A ethanol : pure TOA

X ethanol : 30%

(b)

TOA/hexane

butanol : Pure TOA
• butanol : 30%
TOA/hexane

Temperature (°C)

Figure 3.9 Pervaporation performance when a thinner LM of TOA was used compared
with full thickness TOA LM: (a) selectivity, (b) permeate mass fluxes. (Module 13 used,
30 vol % TOA 70 vol % hexane as LM; Module 11 used, Pure TOA as LM;
concentrations of acetone, ethanol and butanol were 0.8, 0.5 and 1.5 wt % respectively).
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• acetone : pure TOA
• acetone : 20%
TOA/hexane
• ethanol : Pure TOA
x ethanol : 20%
TOA/hexane

(a)

butanol : Pure TOA
• butanol : 20%
TOA/hexane

• acetone : Pure TOA
acetone : 20%
TOA/hexane
ethanol : Pure TOA
x ethanol : 20%
TOA/hexane

x butanol : Pure TOA

(b)

• butanol : 20%
TOA/hexane

Temperature (°C)

Figure 3.10

Pervaporation performance when an even thinner LM. of TOA was used
compared with full thickness TOA LM: (a) selectivity, (b) permeate mass fluxes.
(Module 14 used, 20 vol % TOA 80 vol % hexane as LM; Module 11 used, Pure TOA as
LM; concentrations of acetone, ethanol and butanol were 0.8, 0.5 and 1.5 wt %
respectively).
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After the fermentation was accomplished, the fermentation broth was filtered with
a 0.5 μm flat sheet filter and kept in the refrigerator to stop further fermentation for the
experiment with the thin liquid membrane; however, the fermentation broth was filtered
with a 0.1 'um flat sheet filter before being tested with the full thickness liquid membrane.
The concentrations of acetone, butanol and ethanol in the fermentation broth were 0.8,
l.7 and 0.7 wt % respectively. The experiments were done at various temperatures from
35 to 54 °C as shown in Figure 3.11 for the full thickness liquid membrane and Figure
3.12 for the 30 % thickness liquid membrane. As expected, the selectivity and mass
fluxes were increased with increasing temperature; the values of selectivity achieved
were 197, 111 and 54 for butanol, acetone, and ethanol at a temperature of 54 °C for the
thin (30% thickness) liquid membrane; the butanol, acetone and ethanol mass fluxes were
31, 9, and 4 g/m ² -hr respectively, which were close to those of the model solution.
However, the membrane was not used for a very long time because of fouling from cell
debris and needed to be cleaned. Results from filtration with smaller pore size filters will
be illustrated next.
The fermentation broth was filtered with a 0.1 11M flat sheet filter to eliminate cell
debris and prevent fouling of the hollow fiber membrane. The fouling on the hollow fiber
membrane was not found during the experiment. The selectivities of butanol, ethanol and
acetone from using fermentation broth as the feed are lower than the selectivities of those
compounds from the model solutions due to the very small amount of acids, for example
acetic acid, produced and resulting coextraction of water as explained in the previous
section. Figures 3.13, 3.14 and 3.15 compare the selectivities and mass fluxes of acetone,
ethanol, and butanol, respectively between the results of pervaporation using full
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thickness liquid membrane and thinner liquid membrane. As expected, the selectivities of
solvents over water did not change much with the thickness of the TOA liquid
membrane; however, the mass fluxes of those solvents increased with the reduced
thickness of the liquid membrane. The mass fluxes of solvents for the 30 % membrane
thickness increased more than 3 times compared with the fluxes with the full thickness
liquid membrane similar to the results with the model solution, which was explained in
the previous section.

3.6 Contamination of the Feed Solution by TOA
The contamination of the feed solution by TOA was investigated experimentally using
water as the feed (total volume of water circulated, 0.5 L) through the shell side of the
module containing the thinner ILM of module 13. The experiment was carried out at 35
°C for 4 hours with the feed being recycled. The amount of TOA in the feed was analyzed
with the help of the calibration developed. The concentration of TOA in the feed solution
was found to be 0.3 ppm, which is considered to be quite low. One would like to know
whether this level is potentially harmful to the organism or bacteria used for
fermentation. This amount of contamination was most likely to have come from the
defects in the coating visible in Figure 3.16. Figure 3.17 illustrates the inside fiber surface
which does not have any coating and therefore shows many large pores characteristic of
the hollow fiber substrate. Figure 3.18 illustrates the fluorosilicone coating layer on the
fiber outside surface from a cross sectional point of view.
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♦ acetone

• ethanol

♦ butanol

(a)

Temperature (°C)

♦ acetonem ethanol

♦ butanol

(b)

Temperature (°C)

Figure 3.11 Pervaporation performance for the full thickness TOA LM with a filtered
fermentation broth as the feed: (a) selectivity, (b) permeate mass fluxes (Module 18 used,
TOA as LM; concentrations of acetone, ethanol, butanol were 0.8, 0.7 and l.5 wt %
respectively in the fermentation broth; 0.1 pm filter).
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• Acetone

Ethanol A Butanol

(a)

Temperature (°C)

• Acetone

m

Ethanol A Butanol

(b)

Temperature (°C)

figure 3.12

Pervaporation performance for thinner TOA LM with a filtered fermentation
broth as the feed: (a) selectivity, (b) permeate mass fluxes (Module 13 used, 30 vol %
TOA 70 vol % hexane as LM; concentrations of acetone, ethanol, butanol were 0.8, 0.7
filter).
and l.5 wt % respectively in the fermentation broth; 0.5
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♦ pure TOA

(a)

30% TOA

Temperature (°C)

Acetone

♦ pure TOA

(b)

• 30 % TOA

•Temperature (°C)

Figure 3.13 Pervaporation performance with a filtered fermentation broth when a
thinner LM of TOA was used compared with full thickness TOA LM for acetone : (a)
selectivity, (b) permeate mass fluxes. (Module 13 used, 30 vol % TOA 70 vol % hexane
as LM, 0.5 p.m filter; Module 18 used, Pure TOA as LM,
filter; concentrations of
acetone, ethanol and butanol were 0.8, 0.5 and 1.5 wt % respectively; 0.1 μ111 filter).
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♦ pure TOA

30% TOA

(a)

Temperature (°C)

♦ pure TOA

(b)

11 30 % TOA

Temperature (°C)

Figure 3.14 Pervaporation performance with a filtered fermentation broth when a thinner
LM of TOA was used compared with full thickness TOA LM for ethanol : (a) selectivity,
(b) permeate mass fluxes. (Module 13 used, 30 vol % TOA 70 vol % hexane as LM, 0.5
pun filter; Module 18 used, Pure TOA as LM, 0.1 vim filter; concentrations of acetone,
ethanol and butanol were 0.8, 0.5 and 1.5 wt % respectively).
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n-Butanol

♦ pure TOA

■ 30 % TOA

♦ pure TOA

■ 30 % TOA

(a)

(b)

Figure 3.15 Pervaporation performance for a filtered fermentation broth when a thinner
LM of TOA was used compared with full thickness TOA LM for butanol: (a) selectivity,
(b) permeate mass fluxes. (Module 13 used, 30 vol % TOA 70 vol % hexane as LM, 0.5
filter; concentrations of acetone,
μm filter; Module 18 used, Pure TOA as LM, 0.1
ethanol and butanol were 0.8, 0.5 and 1.5 wt % respectively).
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Figure 3.16 Outside surface of fluorosilicone coated hollow fiber.
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Figure 3.17 Inside surface of fluorosilicone coated hollow fiber showing the porous
structure.
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Figure 3.18 Cross-sectional area of fluorosilicone coated hollow fiber.

3.7 Stability of Liquid Membrane of TOA for pervaporation performance
It has been observed earlier that the TOA liquid membrane immobilized in module 11
containing the coated fibers was used to remove solvents from aqueous solutions for
more than 300 hours; there was no change so far. This is much longer than the
experiment using OA for removing butanol from aqueous solutions. In fact, Matsumura
et al. ¹5 recommended saturating the broth with oleyl alcohol to increase the liquid
membrane life. The TOA-based SLM in module 11 has demonstrated stability in flux and
selectivity without adding any liquid membrane or reimmobilization as was done by Qin
et al. ¹7 This shows that the coating prevented loss of TOA with only a minor decrease in
solvent flux. In Figures 3.19a and b, the results of an actual extended run are shown.
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♦ acetone• ethanol

♦ butanol

(a)

♦ acetone

a ethanol

♦ butanol

(b)

Weeks

Figure 3.19 Performance of TOA as the liquid membrane with coated hollow fibers as
the support with feed mixture for an extended run: (a) selectivity (b) mass flux (Module
16 used, pure TOA as LM, feed composition: acetone 0.8 wt %, ethanol 0.5 wt %,
butanol 1.5 wt %; temperature of feed 45 °C).
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3.8 Conclusions
A supported liquid membrane of trioctylamine has been used in pervaporation
using coated porous hollow fibers to remove acetone, ethanol, and butanol from their
dilute aqueous solutions. Selectivites and fluxes increased considerably as the
temperature of the feed solution was increased from 25°C. Selectivities achieved were as
high as 275, 220 and 80 for butanol, acetone and ethanol respectively for a feed mixture
containing butanol, acetone, and ethanol at the level of 1.5 wt %, 0.8 wt %, and 0.5 wt %
respectively at 54° C. The permeate mass fluxes obtained were at the level of 11, 5 and
l.2 g/m 2 hr for butanol, acetone and ethanol respectively. The selectivities obtained are
much higher than any value obtained in pervaporation using polymeric membranes or
even some ceramic membranes. The LM of trioctylamine exhibited stability for more
than 300 hours of operation without any need for reimmobilization. The module
continues to perform at the same level. Further, there was essentially no loss of TOA to
the feed solution and therefore its contamination by TOA. However, the mass flux is
somewhat lower than porous membranes due to higher mass transfer resistance from a
coated layer on hollow fibers. Acetic acid, if present in the feed solution, can reduce the
selectivity of all solvents in the pervaporation performance without decreasing their
fluxes; acetic acid potentially reacts with fatty amine (TOA) molecules to create a
complex molecule with water which is coextracted. This leads to a higher water flux. The
fluxes of the solvents were increased by the factor of 5 by reducing the thickness of the
TOA layer in the porous wall of the coated fibers. As a result the butanol flux and
selectivity achieved were around 53 g/m ² -hr and 240 respectively for a butanol
concentration level of 1.5 wt %.

CHAPTER 4
RESULTS AND DISCUSSION ON EXTRACTIVE PERVAPORATION

Employing tri-n-octylamine (TOA) as a liquid membrane, the selectivities at 54 °C of as
much as 275, 220 and 80 for n-butanol, acetone and ethanol from a very dilute solution
representative of an acetone-n-butanol-ethanol (ABE) fermentation broth (1.5 wt %
n-butanol, 0.8 wt % acetone, 0.5 wt % ethanol) were demonstrated in Figure 3.9. The
selectivity values obtained from a filtered ABE fermentation broth were similar.
One of the principal separation problems of interest in the projected biorefineries
of the future will be to recover a very high ethanol containing stream from yeast-based
fermentation broths containing ethanol in the range of 5-10 %. The earlier studies using
TOA liquid membrane for separating alcohol from its solution in water in the absence of
any other compounds such as n-butanol, acetone indicated a selectivity of ~ 30-35
(Figure 3.3) in the feed alcohol concentration range of 1.5-5 wt % feed. It is known that
significantly higher alcohol selectivity is needed to reduce the total cost of separation ³³
from 5-10 % alcohol solution in the fermentation broth.
It was observed in Chapter 3 (Figure 3.10) that when small amounts of n-butanol,
acetone etc. were present in the feed solution, the alcohol-water selectivity was
substantially greater and reached values as high as 80. In this Chapter, the results of
alcohol-water separation for feed alcohol concentrations of 5 — 10 % in the presence of a
small amount of n-butanol in the feed varying between 0.5 to 2 wt % over a feed
temperature range of 30 — 54 °C will be presented and discussed. The presence of nbutanol is expected to increase the solubility and diffusivity of ethanol in the liquid
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membrane. It may also affect positively on the activity coefficients of ethanol in solution.
The addition of a third component (usually much less volatile) to a binary distillation
system in extractive distillation leads to a much better separation between the two
principal components via modification of the liquid phase activity coefficients and
consequently the vapor-liquid equilibria. ³4 Similarly, the addition of a small amount of nbutanol is expected to improve substantially the pervaporation membrane separation of
ethanol, hence extractive pervaporation, perhaps by altering the solubility and diffusivity
of the principal components in the liquid membrane.
Selection of n-butanol as the third species in extractive pervaporation will yield a
permeate where n-butanol would have a much higher boiling point (118 °C) than ethanol
(78 °C). Hence their separation by distillation would not involve a high temperature;
potentially a flash for ethanol and then a recycle of n-butanol may do.

4.1 Single Organic Solvent Species in Solution
These experiments employed individual solutions of ethanol or n-butanol at different feed
concentrations and temperatures. Figure 4.1 illustrates the selectivity and flux of ethanol
at various temperatures for three feed concentration levels. The selectivity of ethanol
goes up to 38 at a feed temperature of 54 °C and —10.0 wt % ethanol in feed. As
expected, higher ethanol concentration in feed results in a higher selectivity and mass
flux due to a higher driving force for the pervaporation of ethanol through the liquid
membrane. However, the selectivities achieved are significantly lower than the selectivity
of n-butanol reported in Figure 3.4, namely, as the temperature was increased from 25 °C
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to 54 °C, the n-butanol — water selectivity went up from 60 to as high as 162 at 54 °C; the
permeate mass flux of n-butanol reached 11.0 g/m 2 hr at 54 ° C.

(a)

Temperature (°C)

(b)
■

40
Temperature (°C)

Figure 4.1 Influence of temperature and ethanol concentration on (a) selectivity and (b)
permeation flux in coated hollow fibers (module 11 used, pure TOA as LM).
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4.2 Mixtures of n-Butanol and Ethanol
Experiments were carried out next with various n-butanol-ethanol feed mixtures at
different temperatures up to 54 °C. The selectivities and mass fluxes of solvents were
increased significantly at elevated temperatures as shown in Figures 4.2 and 4.3. The
TOA-based liquid membrane displayed high performance in removing the solvents
present at low concentration from their aqueous solutions. The experiments were carried
out at different concentrations of ethanol in the feed; however, the concentration of nbutanol in the mixtures remained the same, 1.0 wt %, in the feed. As expected, the
selectivity and mass flux of ethanol got higher when the concentration of ethanol was
higher in the feed due to the higher concentration in the feed which provided a higher
driving force via the increase in the ethanol partial pressure. The mass flux of ethanol for
10 wt % ethanol in feed obtained was 15.8 g/m ² -hr, which is considerably higher than
the flux obtained for the experiment without n-butanol added to the feed (by about 43 %).
The mass fluxes of n-butanol and ethanol are illustrated in Figure 4.3. The selectivity of
ethanol went up to 66 for the mixture of ~10 wt % ethanol with 1 wt % n-butanol in the
feed at 54 °C; this is much higher than the highest ethanol selectivity obtained with single
species solution of ethanol at 54 °C as shown in Figure 4.1. One possible reason could be
that n-butanol increases the solubility of ethanol in the liquid membrane. Alternatively
water flux was not increased as much leading to a higher selectivity. A more likely
explanation is that the butanol flux being very high reduced the effect of water flux in the
definition of selectivity.

81

Ethanol selectivity

♦ 5 wt % ethanol 1 wt % butanol feed
10 wt % ethanol 1 wt % butanol feed

(a)

n-butanol selectivity

♦ 5 wt % ethanol 1 wt % butanol feed
10 % wt ethanol 1 wt % butanol feed

■

■

20

30

40

(b)

50

60

Temperature (°C)

Figure 4.2 Selectivities of (a) ethanol and (b) n-butanol for TOA as the liquid membrane
with coated hollow fibers (module 11 used, pure TOA as LM).
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Ethanol flux

♦ 5 wt % ethanol 1 wt % butanol feed
■ 10 wt % ethanol 1 wt % butanol feed

(a)

♦ 5 wt % ethanol 1 wt % butanol feed
■ 10 wt % ethanol 1 wt % butanol feed

■

(b)

Temperature (°C)

Figure 4.3 Mass fluxes of (a) ethanol and (b) n-butanol for TOA as the liquid membrane
with coated hollow fibers (module 11 used, pure TOA as LM).
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4.3 Influence of n-Butanol in Removing Ethanol from an Aqueous Solution

Additional experiments were carried out by using different concentrations of small
amounts of n-butanol up to ~2.0 wt % added into ~10 wt % ethanol in an aqueous
solution. The selectivities of ethanol and n-butanol for different amounts of n-butanol
added are shown in Figure 4.4. Compared with the ethanol selectivity without n-butanol
added, the ethanol selectivity went up to 104 from 38 when 2.0 wt % n-butanol was
added at a feed temperature of 54° C; the selectivity of n-butanol also went up to 330
which is considerably higher than those illustrated in Chapter 3. Therefore the selectivity
of both ethanol and n-butanol went up substantially when a small amount of n-butanol
was added. A principal reason is likely to be the definition of selectivity whereby when
the amount of organics in the permeate increases, their selectivies will also increase.
Additional reasons for such a behavior are as follows: n-butanol can :
1) increase the solubility of ethanol in TOA
2) increase the diffusivity of ethanol
3) influence the activity coefficients in solution.
The mass fluxes of ethanol and n-butanol are shown in Figure 4.5. The mass flux
of ethanol had changed significantly from that for single ethanol species in solution for
the same concentration of ethanol in the feed; however the effect of butanol concentration
was limited if any. On the other hand, the driving force for n-butanol was increased with
an increasing amount of n-butanol in the feed. As shown in Figure 4.6, the concentrations
of ethanol and n-butanol in the permeate were quite high: 51.2 wt % ethanol, 43.5 wt %
n-butanol and 5.3 wt % water, from ~10 wt % ethanol and —2 wt % n-butanol in the feed
at 54°C. The total solvent concentration in the permeate was around 95 wt % when 2 wt
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% of n-butanol was added into the feed as illustrated in Figure 4.6. For —1.5 wt % nbutanol added, the total solvent concentration in the permeate is around 90 wt % showing
that a higher level of n-butanol addition leads to an ever higher organics concentration in
the permeate;
Ethanol selectivity
♦with 0.5 wt % butanol feed

with 1.0 wt % butanol feed

with 1.5 wt % butanol feedX with 2.0 wt % butanol feed

(a)

Temperature (°C)

♦with 0.5 wt % butanol feed

with 1.0 wt % butanol feed

with 1.5 wt % butanol feedX with 2.0 wt % butanol feed

(b)

Temperature (°C)

Figure 4.4 Selectivities of (a) ethanol and (b) n-butanol for TOA as the liquid membrane
with coated hollow fibers for —10 wt % ethanol in feed (module 11 used, pure TOA as
LM).
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Ethanol flux
♦ with 0.5 wt % butanol feed N with 1.0 wt % butanol feed
with 1.5 wt % butanol feed

X with 2.0 wt % butanol feed

(a)

Temperature (°C)

n - butanol flux
♦ with 0.5 wt % butanol feed
with 1.5 wt % butanol feed

■ with 1.0 wt % butanol feed
X with 2.0 wt % butanol feed

(b)

Temperature (°C)

Figure 4.5 Mass fluxes of (a) ethanol and (b) n-butanol for TOA as the liquid membrane

with coated hollow fibers for —10 wt % ethanol in feed (module 11 used, pure TOA as
LM).
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Concentration in permeate

♦ ethanol

■ butanol

♦ water

(a)

Temperature (°C)

(b)

Temperature (°C)

Figure 4.6 Concentrations of solvents and water in permeate side when (a) —1.5 wt %
n-butanol and (b) —2.0 wt % n-butanol was added to ethanol solution (module 11 used, pure
TOA as LM, ~10 wt % ethanol in the feed).
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perhaps an n-butanol concentration higher than 2 % in the feed can essentially reduce
water in the permeate to a very low level.
The ethanol flux however did not change much for different amounts of n-butanol
added in the feed; on the other hand, the fluxes of n-butanol increased when the amount
of n-butanol added into the feed increased from the increasing driving force for reasons
explained earlier. However, the fluxes and concentrations of water in the permeate side
were reduced with an increased amount of n-butanol, and decreased with the increasing
temperature.
The solubilities of each species, ethanol and n-butanol, in their mixtures, when
compared with their standalone solubility in TOA, at different temperatures from 35 — 55
°C are also illustrated Figure 4.7. When present in a mixture, the solubilities of ethanol
and n-butanol are increased somewhat from their individual solubilities in TOA. This
result supports somewhat the notion of increasing selectivities of ethanol and n-butanol
when a small amount of n-butanol was added into the feed. However, the results from
Figure 4.6 show reduced amount of water in the permeate as well; therefore the small
amount of added n-butanol in the feed not only increases somewhat the solubility of both
ethanol and n-butanol, but leads to lower water content in the permeate.

4.4 Influence of Thinner TOA Film on Pervaporation Performance
A thin liquid membrane was formed from a mixture of 20 vol % TOA (80 vol % hexane
as the diluent) in module 14; the liquid membrane was therefore around 5 times thinner
here than the full substrate thickness. This module was tested for extractive pervaporation
with a mixture of ~10 wt % ethanol and ~2 wt % n-butanol. The results are illustrated in
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Figure 4.8. As expected, the selectivities of those solvents over water did not change with
the thickness of the TOA liquid membrane as explained in Chapter 3.4; however, the
mass fluxes of those solvent were increased by around 5 times compared to the solvent
fluxes using the full fiber wall for the SLM. This is reasonable because the mass transfer
resistance in the liquid membrane was reduced by decreasing the liquid membrane
thickness: the mass fluxes of the solvents were elevated by the same factor by which the
liquid membrane thickness was reduced. As a result the ethanol flux and selectivity
achieved were around 59.8 g/m ² -hr and 100 respectively for a mixture containing ~10
and ~2 wt % ethanol and n-butanol respectively at 54 °C.

4.5 Conclusions
Small amounts of n-butanol added to the solution containing ethanol enhances the
separation performance for extractive pervaporation using TOA as the liquid membrane
with coated porous hollow fibers. The selectivity of ethanol increased considerably to as
much as 104 at 54 °C from the feed containing ~10 wt % ethanol when 2 wt % n-butanol
was added to the feed compared with the selectivity of ethanol without any n-butanol
added, namely, 38. The mass flux of ethanol for ~10 wt % ethanol in feed obtained was
15.8 g/m ² -hr, which is considerably higher than the flux obtained for the experiment
without n-butanol added to the feed; the total concentration of solvents in the permeate
was more than 90 % around 95 % for ~2 wt % n-butanol in feed. The water in the
permeate will possibly be reduced to very little if an additional amount of n-butanol were
to be added to the feed. The added n-butanol can possibly increase the solubility of
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ethanol in the liquid membrane, increase the diffusivity of ethanol or change the activity
coefficients of various species.

♦ethanol single species

E ethanol in mixtures

(a)

Temperature (°C )

E butanol in mixtures

♦ butanol single species

(b)

Temperature (°C )

Figure 4.7 Comparison of solubility at 1 atm of a) Ethanol and (b) n-butanol in TOA
between single component and mixture by headspace — gas chromatography.
(

90

-ethanol : pure
TOA
-ethanol : 20%
TOA/hexane

(a)

-butanol : pure
TOA
-

butanol : 20%
TOA/hexane

Temperature (°C)

-ethanol : pure
TOA
-ethanol : 20%
TOA/hexane

(b)

-butanol : pure
TOA
-

butanol : 20%
TOA/hexane

Temperature (°C)

Figure 4.8 Pervaporation performance when a thinner LM of TOA was used compared
with full thickness TOA LM: (a) selectivity, (b) permeate mass fluxes (Module 14 used,
20 vol % TOA 80 vol % hexane as LM; Module 11 used, Pure TOA as LM;
concentrations of ethanol and butanol were ~10 and ~2.0 wt % respectively).

CHAPER 5
QUANTITATIVE BASIS FOR THE OBSERVED PERFORMANCE IN
PERVAPORATION

The pervaporation performance data from the experiments need to be looked at from a
quantitative basis as well. A model will be used here to predict the performance behavior
of TOA as the liquid membrane for pervaporation. The quantity of importance is
permeability which is the product of diffusivity and solubility; in addition activity
coefficient and vapor pressure are needed for flux calculation. Some of these quantities
are available from earlier studies. For example diffusivity may be estimated from
equations available in literature. Similarly there are procedures available in literature to
calculate the vapor pressure and the activity coefficient. On the other hand, solubility in
this case can be obtained from experiment only.
In general, the performance of membrane processes is represented by selectivity
and flux. The selectivity is defined by

αsolvent/H2O

(solvent weight fraction in the permeate/
solvent weight fraction in the feed
water weight fraction in the permeate
water weight fraction in the feed
(5.1)

The molar fluxes of solvents and water in pervaporation can be described as
(5.2a)
(5.2b)

where 1):01„,,„ and P/;20 are the vapor pressures of solvent and water respectively in
equilibrium with the liquid feed. The quantities psolvent, perm and
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PH2O,perm are

the partial
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pressures of solvent and water in the lumen (vacuum) side; these depend to some extent
on the preset permeate side pressure. The overall mass transfer coefficients are K

avesnondtl

KH2O where

(5.3c)
where Q, and 6, T, are the permeability coefficient of species i and membrane thickness
respectively. Various quantities needed for determining QsoIvent are obtained in the
following fashion.

5.1 Diffusivity of Solvents in Tri-n-octylamine

Diffusivities of solvents in TOA were estimated by employing Wilke-Chang equation.

³5

Diffusion coefficient of solute (A) in solvent (B)
(5.4)
These are based on properties of various solvents (species A) and species B (TOA) at 20
°C as identified in Tables 5.l and 5.2 respectively; however, the viscosity of TOA is
dependent on temperature. From Transition State Theory ³6 , the dependence of absolute
viscosity (η) at 1 atm on temperature (T) is given by
(5.5)
Where In η and Ep are constants. The diffusivity values of acetone, ethanol, nbutanol, acetic acid and water in TOA from 35 — 55 °C are illustrated in Figures 5.1 to
5.5 respectively. The diffusivity of each species increases linearly when the temperature
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increases as indicated in equation (5.4). This is reasonable because at higher temperature,
the energy of solvents is increased and the viscosity of the liquid membrane is decreased.

Table 5.1 Physical properties of solvents (A) for diffusion coefficient estimation at
293.15 K ³7
A

p(g/cm3)

MW (g/mol)

V (cm 3 /mol)

Acetone

0.792

58.08

73.33

Ethanol

0.789

46.07

58.39

n-Butanol

0.810

74.12

91.51

Acetic acid

1.049

60.05

57.24

Water

1.000

18.02

18.02

Table 5.2 Physical properties of tri-n-octylamine (B) for diffusion coefficient estimation
at 293.15 K³6 ,³8 ,³9
Properties

Tri-n-octylamine

Molecular weight

353

Viscosity (cP)

5.0

Density (g/cm ³ )

0.812

In η *-13.538
Ep (kJ.mol -¹ )

21.595

Association factor

1.0
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40
Temperature (°C)

Figure 5.1 Calculated diffusivity of acetone in TOA as a function of temperature.

Temperature (°C)

Figure 5.2 Calculated diffusivity of ethanol in TOA as a function of temperature.
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Temperature (°C)

Figure 5.3 Calculated diffusivity of n-butanol in TOA as a function of temperature.

Temperature (°C)

Figure 5.4 Calculated diffusivity of acetic acid in TOA as a function of temperature.
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Temperature (°C)

Figure 5.5 Calculated diffusivity of water in TOA as a function of temperature.

5.2 Solubility of40 Solvents in Tri-n-octylamine

The solubilites of solvents in TOA can be determined by using Headspace-Gas
Chromatography as explained in Chapter 2.11. The solubilities of acetone, ethanol,
n-butnol and acetic acid at different temperatures from 35 — 55 °C are illustrated in Figures
5.6 to 5.9 respectively. As expected, the solubility is decreased when the temperature is
increased. However, the solubilites of all solvents do not decrease sharply at the
experimental temperatures. However, determination of the solubility of water is not
feasible by using Gas Chromatograph having a Flame Ionization Detector (FID);
therefore the solubility of water was obtained from the literature 40 which is 7.5 ppm at 20
°C and 1 atm. For water, a solubility of 7.5 ppm was assumed to be valid between 20 —
55 °C in the absence of any other data.
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Temperature (°C)

Figure 5.6 Solubility of acetone in TOA.

Temperature (°C )

Figure 5.7 Solubility of ethanol in TOA.
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Tem perature (°C )

Figure 5.8 Solubility of n-butanol in TOA.

Temperature (°C)

Figure 5.9 Solubility of acetic acid in TOA.
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5.3 Permeability of Solvents in Tri-n-octylamine

Permeability is defined by equation
(5.5)
where Q is the permeability ( g.cm/cm².sec.cmHg ) , D°AB is the diffusion coefficient
(cm/2 ) and S is the solubility ( y ³
).
sec
cm .cmHg

Figures 5.10 to 5.14 illustrate the values of the permeabilities of acetone, ethanol and nbutanol and acetic acid over the temperature range of 35 to 55°C respectively. The
permeability is made up of the product of the diffusivity and the solubility. The
diffusivity increases almost twice for both ethanol and n-butanol over their temperature
range, however, the solubility changes less than 3 % over this temperature range. It
appears that diffusivity has more influence than the solubility. However the primary
reason for increased fluxes clearly is the increased effective partial pressure of each
solvent.
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Figure 5.10 Calculated permeability of acetone in TOA as a function of temperature.

Figure 5.11 Calculated permeability of ethanol in TOA as a function of temperature.
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Temperature (°C)

Figure 5.12 Calculated permeability of n-butanol in TOA as a function of temperature.

Figure 5.13 Calculated permeability of acetic acid in TOA as a function of temperature.
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50

60

Temperature (°C)

Figure 5.14 Calculated permeability of water in TOA as a function of temperature.

5.4 Activity Coefficients in Feed Solution
The activity coefficient of each component was calculated by the UNIFAC method. 4¹ For
a multicomponent system for species i
(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)
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Figure 5.15 illustrates the activity coefficients obtained by the UNIFAC method for the
mixtures of ethanol, water and n-butanol for different concentrations of n-butanol added.
The activity coefficients are decreased with an increasing temperature, and the activity
coefficients of all components are reduced as the amount of n-butanol added to the
system was increased; however, the activity coefficients of all components do not
decrease sharply.

ethanol
butanol

water

(a)

Temperature (°C)
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— — —

ethanol

water

butanol

(b)

Temperature (°C)

ethanol

—

- •

water

butanol

(c)

Temperature (°C)
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(d)

Temperature (°C)

Figure 5.15 Calculated activity coefficients as a function of temperature for water,
ethanol and n-butanol from UNIFAC equation when different amounts of n-butanol were
added: (a) 0.5 wt %, (b) 1.0 wt %, (c) 1.5 wt % and (d) 2.0 wt %.

5.5 Vapor Pressure of Solvents and Water
Vapor pressures of solvents at different temperatures were determined by the Wagner
equation 42 :
(5.12)

(5.13)
Here P vp is the vapor pressure in bars, P c is critical pressure in bars, Tc is critical
temperature in Kelvin and T is temperature in Kelvin. A, B, C, and D are constants. The
parameters and some properties of solvents are illustrated in Table 5.3.
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Table 5.3 Parameters of solvents for the vapor pressure estimation
Solvent
Acetone
Ethanol
n-Butanol
Acetic acid
Water

5.6 Fluxes Obtained from the Estimation and Experiments
Sample values of predicted mass fluxes of ethanol, water and n-butanol in the mixtures
are shown in Table 5.4. The data obtained earlier were introduced into equation 5.2a and
5.2b for the mass fluxes; such values also were obtained from the experiments. The mass
flux of ethanol from the experimental results is similar to the mass flux predicted from
the obtained parameters, however, the mass fluxes of n-butanol and water from the
experimental results are higher than those obtained from the calculation. Therefore, the
parameters especially the activity coefficient from the UNIFAC method for ethanol were
useful for ethanol mass flux prediction, however, improved activity coefficient prediction
should be applied to n-butanol and water.

5.7 Conclusions
From the results of measurements of solubility of solvents, the solubility is decreased
with increased temperature; however, the solubilities of ethanol and n-butanol were
changed by less than 3% over the temperature range 35 — 55 °C compared with the effect
of increasing diffusivity in TOA calculated by the Wilke-Chang equation; this results to
higher permeability at a higher temperature. The activity coefficients of solvents are
decreased with increasing temperature; however, the activity coefficients do not decrease
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sharply in the temperature range. Ethanol mass flux in the experiments was similar to the
predicted ethanol mass flux from the modeled parameters; therefore, the activity
coefficients calculated from the UNIFAC method is good for predicting ethanol flux in
TOA liquid membrane. However, the n-butanol flux and water flux from the experiments
are considerably different from the predicted values; different methods of estimation of
activity coefficients may provide better values for predictive purposes.

Temperature (°C)
40
54
Ethanol
Butanol
water
Ethanol
Butanol
water
Predicted Observed Predicted Observed Predicted Observed Predicted Observed PredictedlObserved Predicted I Observed

* ~ 10 wt % ethanol was contained in the feed

Amount
n-butanol added
(wt %)

Table 5.4 Predicted and observed fluxes of all components at two different temperatures *
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CHAPTER 6
GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
STUDIES

Liquid membranes have high selectivities for removing solvents from aqueous solutions;
however liquid membranes have stability problems due to various losses. The loss of
liquid membrane (LM) to the feed solution leads to toxicity for the organisms in a
fermentation broth. A new liquid membrane based pervaporation technique has been
developed to achieve high selectivity, ensure stability and prevent contamination of the
fermentation broth. Trioctylamine (TOA) as a liquid membrane was immobilized in the
pores of a hydrophobic hollow fiber substrate having a nanoporous but highly
hydrophobic coating on the broth side and studied for pervaporation-based removal of
solvents (acetone, ethanol, and butanol) from their dilute aqueous solutions. The LM of
TOA in the coated hollow fibers demonstrated high selectivity and reasonable mass
fluxes of solvents in pervaporation.
The selectivities of butanol, acetone, and ethanol achieved were 275, 220, and 80
respectively with 11.0, 5.0, and 1.2 g/m ² -hr for the mass fluxes of butanol, acetone and
ethanol respectively at a temperature of 54 °C for a feed solution containing 1.5 wt %
butanol, 0.8 wt % acetone, and 0.5 wt % ethanol. The mass fluxes were increased by as
much as 5 times with similar selectivity of solvents when an ultrathin liquid membrane
about 5 times thinner was used. However, acetic acid in the feed solution reduced the
selectivities of the solvents somewhat without reducing the solvent fluxes due to the
coextraction of water which increases the rate of water permeation to the vacuum
side.The TOA-based LM present throughout the pores of the coated substrate and not in
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the pores of the coating demonstrated excellent stability over many hours of experiment
and essentially prevented the loss of liquid membrane to the feed solution and the latter's
contamination by the liquid membrane.
Adding small amounts of n-butanol will increase considerably the selectivity of
ethanol for removing ethanol from an aqueous solution containing 5 — 10 % ethanol.
Possible reasons are: due to the definition of selectivity when organics concentration in
permeate is increased, selectivity is increased; n-butanol can increase the solubility of
ethanol and n-butanol in TOA, increase the diffusivity of solvents in TOA, and increase
the effective partial pressures of all solvents. The solubility of all solvents in TOA
obtained by Headspace-Gas chromatography was decreased as the temperature increased;
however, solubilities of all solvents do not increase sharply, compared with the increasing
values of the diffusivity calculated from the Wilke-Chang equation: therefore, the
permeability, a product of solubility and diffusivity, increased at elevated temperatures.
The predicted species fluxes may be estimated from the permeability, the vapor pressure,
the mole fraction and the activity coefficient which is estimated by the UNIFAC method;
however, this method is unsatisfactory for n-butanol and water at this time.
Extractive pervaporation yields very high concentrations of solvents in the
permeate side. The major components in the permeate side are n-butanol and ethanol,
which constitute more than 90 wt %, around 95 %, for a feed solution containing 10 wt %
ethanol when 2 wt % n-butanol was added at 54 °C. The difference in the boiling points
between n-butanol and ethanol is high enough for separating n-butanol and ethanol by
flash distillation which is likely to yield a very high concentration of ethanol in the
product stream.
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Another possible future study is whether the SLM can be used directly with an
unfiltered fermentation broth. The porous hydrophobic propylene hollow fibers may be
used with a thin liquid membrane (by mixing with hexane). Clean air may be applied on
the shell side of the module to evaporate hexane; then, the thin liquid membrane can be
created on the end of the pores on the shell side which will create the empty space on the
end of the pores on the tube side. This space will prevent the direct contact with
fermentation broth if the fermentation broth is introduced on the tube side.

APPENDIX A
SAMPLE CALCULATIONS
A.1 Mass transfer area in the module (module 11)
Number of fibers

:

36

Inside diameter (μm) :

280

Effective length (cm) :

13.0

Mass transfer area

=

(based on I.D.)

=
=
A.2 N2 Permeance (Module 11)

Before immobilization (at 1 atm or 76 cmHg and 25 °C or 298.15 K):
Module was tested at 6 psig (41.35 cmHg) or 20.7 psia (142.65 cmHg)
Permeation rate ( V ) :
From equation (2.1)

After immobilization (at 1 atm or 76 cmHg and 25 °C or 298.15 K):
Module was tested at 6 psig
Permeation rate ( V ) :
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A.3 Selectivity and Flux
Example: Ethanol 1.5 wt % in the feed at 25 °C
Area count from gas chromatograph in the feed analysis

:

7841784

Factor (calibration curve was made on Oct, 2005)

:•

2.0 x10 -7

Concentration in wt %

=

7841784x 2.0x10 -7

=

1.57

Permeate sample:
Volume collected

-.

0.4 ml (~ 0.4 g)

Small amount of ethanol in the permeate sample was diluted in the volumetric flask
before being injected into the gas chromatograph.
Volume taken before dilution

:•

50 μl

Final volume of diluted solution

:•

100 ml

Area count after injection (after diluted)

:•

51550

Concentration after dilution (wt %)

=

51550 x 2 x10 -7

=

0_0103

Since volume of solution (after dilution) 100 ml (-100 g) has 0.0103 g ethanol
volume of sample (before dilution) 50 μl or 50 x10 -³ ml ~ 50 x 10 -³ g
Concentration before dilution
=

20.6 wt %

Concentration of ethanol in the permeate (wt %)

Selectivity

20.6

16.3
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Mass transfer area (module 11)

:

Time period

:

41:2cm

2

:

12 hours

Fluxes:

A.4 Diffusion Coefficient
From Wilke-Chang equation
(A:1)
A

p(g/cm3)

MW (g/mol)

V (cm³/mol)

Acetone

0:792

58:08

73:33

Ethanol

0:789

46:07

58:39

n-butanol

0:810

74:12

91:51

Acetic acid

1:049

60:05

57:24

Molecular weight of trioctylamine (MB)
Viscosity of trioctylamine (ηB)
Association factor of trioctylamine (1)

: 353
: 5:0 mPa:s or 5:0 cP
: 1:0

Example diffusivity of ethanol in TOA at 35 °C (308:15 K):
Plug all values in equation 7:1
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A.5 Solubility
Example: solubility of ethanol in TOA at 35 °C (308:15 K), 1 atm (76 cmHg)
Factor from calibration curve

.=

Volume of empty vial (cm ³ )

:

Vial 1 (ethanol):
Volume of gas phase (cm³ )
Area count from headspace reading
Concentration of ethanol in the vial (v %)

Density of ethanol

: 0:8 g/cm³

Amount of ethanol in vial (gas phase)

Vial 2 (ethanol + 5 ml of TOA):
Area count from headspace reading
Concentration of ethanol in the vial (v %)

Volume of gas phase

Amount of ethanol in gas phase

Amount of total ethanol (from vial 1)
Amount of ethanol in TOA

(use volume calibration curve)
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Volume of TOA in vial 2

: 5 cm ³
0:132g/
5cm ³ TOA
/5(

Solubility of ethanol in TOA (g/cm ³ )

0:026 g/cm³ TOA
Operating pressure (1 atm or 76 cmHg)

Solubility of ethanol in TOA

A.6 Permeability
Example:

Permeability of ethanol in TOA at 35 °C
Permeability = Diffusivity x Solubility
7:47 x10 -6 cm/ x 3:47 x10 -4 y ³
sec
cm TOA•cmHg
2.59x10-9

g•cm
·sec•mHg

A.7 Activity Coefficient by UNIFAC Method
Example:

Determine the activity coefficient of ethanol (y ) and water ( y2 ) for the
,

binary system when ethanol concentration = 10 % by weight at 54 °C
Ethanol (1) CH ³ — CH 2 — OH

:

Water (2)

H 20

The following table shows the subgroups, their identification numbers k, values of
parameter Rk and Qk, and the numbers of each subgroup in each molecule:

²

cm
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r ¹ , r2 , q1 and q2 are obtained from the equations:
(A.2)

(A.3)

Substituting known value into equation (A:4) to obtain the value eki
(A:4)
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The following interaction parameters are shown in the table below

m= 1
m=2
m= 15
m= 17
τmk is obtained by the equation (A:5):
1 ,, k = exp(
-

—amk/T)

(A:5)

Substitution of these values into equation (A:5) with T = 327:15 K (54°C) gives

m= 1
m=2
m = 15
m = 17
Application of equation (A:6) to obtain the value 13, 1, in the following table:
(A:6)
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From ethanol 10 % by weight

Substitution these values into equation (A:7):

(A:7)

yields:

(A:8)

The activity coefficients are calculated by equation (A:9) — (A:13),
(A.9)

(A.10)

(A.11)

(A.12)

(A:13)
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Finally, equation (A:9) gives:

APPENDIX B
EXPERIMENTAL DATA
B.1 Experiments with Ethanol Solutions from 1.5 — 10 wt % in the Feed (Module 11
Used)
Table B.1 Experimental data with ethanol (1:5 wt %) solution (Figure 3:3)
Temperature (°C)
Feed concentration (wt %)
Permeate concentration (wt %)
Selectivity
Mass flux (g.m-²-h-¹ )

Table B.2 Experimental data with ethanol (5:0 wt %) solution (Figure 3:3)
Temperature (°C)
Feed concentration (wt %)
Permeate concentration (wt %)
Selectivity
Mass flux (g.m -² -h -¹ )

Table B.3 Experimental data with ethanol (10 wt %) solution (Figure 4:1)
Temperature (°C)
Feed concentration (wt %)
Permeate concentration (wt %)
Selectivity
Mass flux (g. m -² -h -¹ )

B.2 Experiments with 1.5 wt % Butanol in the Feed (Module 11 Used)
Table B.4 Experimental data with butanol (1:5 wt %) solution (Figure 3:4)
Temperature (°C)
Feed concentration (wt %)
Permeate concentration (wt %)
Selectivity
Masflux(g.m-²h¹)
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B.3 Experiments with 1.5 and 5.0 wt % Acetic Acid in the Feed (Module 17 Used)
Table B.5 Experimental data with acetic acid (l.5 wt %) solution (Figure 3:5)
Temperature (°C)
Feed concentration (wt %)
Permeate concentration (wt %
Selectivity
Mass flux (g.m-²-h-¹ )

Table B.6 Experimental data with acetic acid (5:0 wt %) solution (Figure 3:5)
Temperature (°C)
Feed concentration (wt %)
Permeate concentration (wt %)
Selectivity
Mass flux (g. m -² -h -¹ )

B.4 Experiments with Mixtures without Acetic Acid in the Feed (Module 11 Used)
Table B.7 Experimental data with mixtures without acetic acid in the feed (Figure 3:6)
Temperature (°C)
Feed com•p wt %
Acetone
Ethanol
Butanol
Permeate component wt %
Acetone
Ethanol
Butanol
Selectivity
Acetone
Ethanol
Butanol
Masfluxg.m-²h¹)
Acetone
Ethanol
Butanol
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B.5 Experiments with Mixtures with Acetic Acid in the Feed (Module 11 Used)
Table B.8 Experimental data with mixtures with acetic acid in the feed (Figure 3:8)
Temperature (°C)
Feed component (wt %)
Acetone
Ethanol
Butanol
Permeate component (wt %)
Acetone
Ethanol
Butanol
Selectivity
Acetone
Ethanol
Butanol
Mass flux (g.m -² -h -¹ )
Acetone
Ethanol
Butanol
Water

B.6 Experiments with Thin Liquid Membranes (Module 13 and 14 Used)
Table B.9 Experimental data with around 1/3 rd liquid membrane thickness (Module 13)
for the mixture (Figure 3:9)
Temperature (°C) I
Feed component (wt %)
Acetone
Ethanol
Butanol
Permeate component (wt %)
Acetone
Ethanol
Butanol
Selectivity
Acetone
Ethanol
Butanol
Mass flux (g.m -² -h -¹ )
Acetone
Ethanol
Butanol
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Table B.10 Experimental data with around 115 th liquid membrane thickness (Module 14)
for the mixture (Figure 3:10)
Temperature (°C)
Feed component (wt %)
Acetone
Ethanol
Butanol
Permeate component (wt %)
Acetone
Ethanol
Butanol
Selectivity
Acetone
Ethanol
Butanol
Mass flux (g.m-² -h-¹ )
Acetone
Ethanol
Butanol

B.7 Experiments with Full Thickness Liquid Membrane (Module 18) and Thin
Liquid Membrane (Module 13) for Filtered Fermentation Broth as the Feed
Table B.11 Experimental data with full thickness liquid membrane (Module 18) for the
filtered fermentation broth as the feed; 0:1 μm filter (Figure 3:11)
Temperature (°C)
Feed component (wt %)
Acetone
Ethanol
Butanol
Permeate component (wt %)
Acetone
Ethanol
Butanol
Selectivity
Acetone
Ethanol
Butanol
Mass flux (g.m- ²- h- ¹)
Acetone
Ethanol
Butanol
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Table B.12 Experimental data with around 1/3 rd thickness liquid membrane (Module 13)
for the filtered fermentation broth as the feed; 0:5 μm filter (Figure 3:12)
Temperature (°C)
Feed component (wt %)
Acetone
Ethanol
Butanol
Permeate component (wt %)
Acetone
Ethanol
Butanol
Selectivity
Acetone
Ethanol
Butanol
Mass flux (g.m- ²- h- ¹)
Acetone
Ethanol
Butanol

B.8 Experiments with Full Thickness Liquid Membrane with Mixtures Containing
Ethanol and n-Butanol at Different Concentrations in the Feed Solution (Module 11
Used)
Table B.13 Experiment data with full thickness liquid membrane for the mixture (-5 wt
% ethanol and 1 wt % butanol) (Figures 4:2 and 4:3)
Temperature (°C)
Feed component (wt %)
Ethanol
Butanol
Permeate component (wt %)
Ethanol
Butanol
Selectivity
Ethanol
Butanol
Mass flux (g.m- ²- h- ¹)
Ethanol
Butanol
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Table B.14 Experiment data with full thickness liquid membrane for the mixture (-10 wt
% ethanol and 1 wt % butanol) (Figures 4:2 and 4:3)
Temperature (°C)
Feed component (wt %)
Ethanol
Butanol
Permeate component (wt %
Ethanol
Butanol
Selectivity
Ethanol
Butanol
Mass flux (g.m -² -h -¹ )
Ethanol
Butanol

Table B.15 Experimental data with full thickness liquid membrane for the mixture (-10
wt % ethanol and 0:5 wt % butanol) (Figures 4:4 and 4:5)
Temperature (°C)
Feed component (wt %)
Ethanol
Butanol
Permeate component (wt %
Ethanol
Butanol
Selectivity
Ethanol
Butanol
Mass flux (g. m -²-h-¹ )
Ethanol
Butanol

)
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Table B.16 Experimental data with full thickness liquid membrane for the mixture (-10
wt % ethanol and 1:5 wt % butanol) (Figures 4:4-4:6)
Temperature (°C)
Feed component (wt %)
Ethanol
Butanol
Permeate component (wt %
Ethanol
Butanol
Selectivity
Ethanol
Butanol
Mass flux (g.m -² -h -¹ )
Ethanol
Butanol

Table B.17 Experimental data with full thickness liquid membrane for the mixture (-10
wt % ethanol and 2:0 wt % butanol) (Figures 4:4-4:6)
Temperature (°C)
Feed component (wt %)
Ethanol
Butanol
Permeate component (wt %
Ethanol
Butanol
Selectivity
Ethanol
Butanol
Mass flux (g.m -² -h -¹ )
Ethanol
Butanol

)
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B.9 Experiments with around 1/5 th Thickness Liquid Membrane for a Mixture with
10 wt % Ethanol and 2.0 wt % in the Feed (Module 14 Used)
Table B.18 Experimental data with around 115 th thickness liquid membrane for the
mixture HO wt % ethanol and 2:0 wt % butanol) (Figure 4:8)
Temperature (°C)
Feed component (wt %)
Ethanol
Butanol
Permeate component (wt %
Ethanol
Butanol
Selectivity
Ethanol
Butanol
Mass flux (g.m -² -h -¹ )
Ethanol
Butanol

APPENDIX C
PARAMETERS FOR ACTIVITY COEFFICIENT CALCULATION FROM
UNIFAC METHOD

Table C.1 UNIFAC-VLE Subgroup parameters

Table C.2 UNIFAC-VLE interaction parameters (a.
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k

)

in Kelvin
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